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Introduction

GENERAL

This thesis concerns the general aspects of carbon-carbon bond formation.

This is an important elementary reaction step, which is of potential or practical
use in the catalytic cycle of many reactions. The formation of a carbon-carbon
bond often implies the production of more valuable products. Examples can be
found in a wide area of catalytic reactions of current interest, proceeding via
different intermediates:

Direct routes for methane conversion as oxidative coupling and pyrolysis
form carbon-carbon bonds from radicals in the gas phase.

The chain growth in the Fischer-Tropsch reaction occurs by recombination
of surface carbonaceous intermediates on metal catalysts.

The coupling of methanol molecules to gasoline using acid ZSM-5 zeolites,
is another route for Cj oligomerization. Also alkylation reactions can be
performed on zeolites with a carbenium ion as reaction intermediate.

- In homogeneous catalytic systems carbon-carbon bond formation is widely

used in oligomerization and polymerization reactions. Further homoge-
neous hydroformylation reactions can form carbon-carbon bonds between
olefins and CO. In homogeneous systems, organometallic complexes can
form reaction intermediates.

Homogeneous super-acids are claimed for their ability to form carbon-
carbon bonds in e.g. the ethylation of methane to propane.

Platinum clusters in zeolites are able to initiate a carbon-carbon bond
within an adsorbed n-hexane molecule, resulting in benzene.

Carbon-carbon bond formation in acid and base catalysis is relatively well

understood. Protons e.g. catalyse olefin polymerization, alkylation and
dehydration of methanol to olefins and aromatics. Typical base catalysed
reactions are classical organic reactions as aldol condensation.
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In this study the microscopic aspects of carbon-carbon bond formation
reactions on heterogeneous metal catalysts will be considered. This elementary
step is still not completely understood. Two reactions are studied in detail. The
first being carbon-carbon bond formation in CO hydrogenation as occurring in
Fischer-Tropsch like reactions. The second concerns carbon-carbon bond
formation in the transition metal catalysed conversion of methane into higher
hydrocarbons.

SYNTHESIS GAS CONVERSION

Gasoline is a very important fuel and although reformulated, it is not likely
to be replaced in the near future. The oil crises in the seventies demonstrated the
dependence of the western countries on the large crude sources in the middle
east countries. To become less dependent from the instability in that region, a
general route for the creation of gasoline and other products via synthesis gas
was developed (see Fig. 1). Also the analysis of the world energy sources
indicated that, sooner or later, methane or coal have to be used for the
production of gasoline, instead of the limited available crude oil.

Nawral Gas
Coal
Biomass
Oil Residues
C5" Oxygenates Methanol
Rh Cu,y
Ir

Gasoline
Fe, Co
Ru

Methane Hydrocarbons

Figure 1. General route for the conversion of carbon containing materials via
synthesis gas to products.

Coal and methane, which are world wide available in very large quantities,
can be converted by steam reforming or selective oxidation into synthesis gas.
Synthesis gas owes its name to the ability to be converted selectively into
different products when using the right catalyst and reaction conditions. It can be
transformed into methane over a nickel catalyst, into methanol using a
copper/sink catalyst, into hydrocarbons using the Fischer-Tropsch reaction and
into oxygen containing products with two or more carbon atoms, over rhodium
based catalysts. Subsequently methanol and hydrocarbons can be converted into
gasoline using zeolites.
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The conversion of synthesis gas is related to the use of bimetallic catalysts.
Bimetallic catalysts are of great fundamental interest. The mechanism according
to which two metals can create a more active catalyst than the two separate
metals, has still many open questions.

Use of oxidic promoters

The bimetallic catalysts, as often used in synthesis gas conversion, consist
of an active noble metal of the group (Pt, Ir, Pd, Rh, Ru, Ni or Co) that is
promoted or supported on a less noble metal of the group II to VII including Fe.
Especially in selective hydrogenation reactions such bimetallic catalyst systems
are often used. Selective hydrogenation of CO to oxygenated products over group
VIII transition metals, is related to the addition of oxidic metal promoters.
Methanol producing catalyst based on copper [1] iridium [2] or paladium [3], have
high selectivity when promoted by metal oxides. The production of higher
oxygenates from synthesis gas over rhodium based catalyst, as considered in this
study, is also related to the use of oxygen containing promoters.

When this study was started, the conversion of synthesis gas to ethanol and
ethanal over rhodium based catalysts, had been extensively studied [4-7]. It was
well established that for high oxygenate selectivity, oxidic metal promoters are
necessary (see ref's 5-39 chapter 2). It was also known that high selectivities for
oxygenated products (<60%) could only be obtained at low conversion, so that
the yield per pass was limited. This made the reaction less attractive for
commercial purposes. However, the role of the oxygenate promoter remained a
matter of great interest from fundamental point of view. Although many
promoter effects have been reported, the working of the promoter in terms of
changes in the rate of elementary reaction steps was not well understood [8].

Promoter effects

Structure effects. Through the addition of a promoter the catalyst
morphology can be changed. More open active surfaces can be stabilized or
catalyst dispersion can be changed, which can increase the catalyst performance.
A very intriguing problem is the so called Small Metal Support Interaction
(SMSI) [9]. This is a name for the observation that catalysts consisting of a noble
metal supported on metals like TiO2 and V205 show a suppressed CO or H»
chemisorption capacity after reduction at temperatures around 400 °C. This was
explained by the migration of sub-oxides (TiO¢.x), V20(5-x)) over the metal
particle [10,11] and by electronic effects [12]. Other structure effects are reviewed
by Van Santen [13]. ,

Electronic_effects. Electrostatic effects around promoter ions can induce
changes in the bondstrength of adsorbed molecules [8,14-16]. Further a decrease
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in the local work function induced by alkali promoters has been observed [17]. It
has also been suggested that a promoter donates electronic density to a metal
particle, which increases its Fermi level [18]. This can result in an increased
'backdonation’ into the 2n* orbital of an adsorbed CO molecule, lowering the
stretch frequency of CO [19].

Directs interaction with adsorbates. Oxidic metal promoters can have direct
interactions with adsorbed surface species. A well known example is the
observation of the so called 'tilted CO' using Infra Red spectroscopy [20-22]. Tilted
CO is proposed to be adsorbed with its carbon atom to a noble metal and with its
oxygen end to a promoter. Another example is the stabilization of oxygenated
intermediates induced by metal oxide promoters [23-25]. Further 'hydrogen
spillover' can be classified as such an effect; the transition metal promoter is
supposed to act as a dynamic hydrogen reservoir for hydrogen that is dissociated
by the noble metal. '

Modification of the active phase. It has been suggested that the production
of oxygenated products like methanol and ethanol from synthesis gas, is related
to the presence of noble metal ions [26-28]. A less noble transition metal is able to
create such active centres. Also mixed stoichiometric compounds (metal
bronzes) can be formed that can have intrinsic activity.

METHANE CONVERSION

Methane is world wide available in large quantities and is a useful fuel, but
very difficult to transport over long distances. Therefore interest exists to
transform methane in better transportable and more valuable products. The
most well known routes for methane conversion are summarized in figure 2.

coupting (METHANE

L2
Acetylene
Benzene

Figure 2, Scheme of direct (1 step) and indirect (multiple step) routes of
methane conversion to products. .

1
|
|
|
1
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- Direct selective oxidation of methane to methanol and formaldehyde is
of interest because it eliminates one or two conversion steps compared to the
route via synthesis gas. The main problem in selective oxidation is the relative
rapid consecutive oxidation of the products to CO and COa, limiting the overall
yield. Selective methane oxidation routes are reviewed by Pitchai and Klier [29],
by Foster [30] and by Pasquon [51].

- Oxidative coupling of methane to ethene is reviewed in references [31-
33] and can be performed for a short time with yields up to 25 %. Despite
tremendous efforts, this yield has hardly increased the last couple of years and
the development of stable catalysts remains a problem.

- Methane pyrolysis occurs at temperatures above 1200 °C, by radicals in
the gas phase and is not truly catalytic [34]. The main problem is to prevent
graphite formation. The yields of this route are limited to about 12 %.

- Until now only two commercial indirect routes have been realized for
methane transformation, using conversion via synthesis gas into hydrocarbons
[35]. In 1985 Mobil build a plant in New Zealand to convert methane via
synthesis gas and methanol into gasoline [36,37]. In 1991 Shell build a plant in
Malaysia for the transformation of methane via synthesis gas and the Fischer-
Tropsch reaction into middle destillates and other fuels [38,39]. Because of the
laboriousness of these methane conversion processes, consisting of at least three
steps, new routes for methane conversion remain of great interest.

The problem of methane conversion is related to that of C-H activation in
alkanes [40]. Methane is thermodynamically very stable, it has a noble gas like
configuration with strong tetrahedral C-H bonds, which lack from polarity.
Therefore most of the methane conversion routes require high operation
temperatures. Selective C-H activation in small alkanes has been realized at low
temperatures using organometal complexes [41,42]. The instability of such
complexes limits reaction to low temperature were the catalyst activity is low.

Most of the methane conversion reactions, use reagents like water, oxygen
or chlorine. These oxidants are corrosive, while chlorine has a large draw back
because of its poisonousness. The use of pure oxygen, as in the Shell middle
destillate synthesis process, is expensive: oxygen has to be separated cryogenical
from air. The oxygen atoms result in the final products CO; and HO. Also when
water is used in steam reforming, the production of synthesis gas is expensive:
up to 80% of the total costs of the methane conversion route is due to synthesis
gas formation [43]. This means that methane conversion routes into
hydrocarbons, that can circumvent the high conventional operation
temperatures, and do not require expensive oxidants, are of world wide interest.
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SCOPE OF THIS THESIS

As the title indicates this thesis will concentrate on the reactivity of surface
carbon, adsorbed on group VIII transition metal catalysts. Adsorbed carbonaceous
intermediates are important reaction intermediates in reactions like metathesis
[44], catalytic reforming [45], steam reforming [46], Fischer-Tropsch synthesis [47],
hydrogenolysis [48] and isomerization [49,50]. The state of the adsorbed
intermediates are of great importance to both practical and fundamental aspects
of heterogeneous catalysis.

This study is restricted to carbonaceous intermediates on group VIII
transition metal catalysts, which are formed from relative simple molecules as
CO and CHy. The dissociative adsorption of these molecules is widely studied on
single crystals (ref's [52-55] for CO and ref’s [56-64] for CHy). Surface Cy fragments
can be formed also from dissociative adsorption of CHpN37 [65,66], CH3NO;
[67,68], chloro-methanes [69] and methyliodide [70]. In these references the
reactivity for carbon-carbon bond formation of the carbonaceous surface species
was shown.

This thesis will mainly concentrate on the Cy surface intermediate, that has
been shown to be a reaction intermediate in the Fischer-Tropsch reaction [71,72].
Figure 3 shows the different elementary reactions that such a CHy surface
intermediate can proceed.

Hydroge- CO- ’ > CH,;CHO
.CH4 nation N insertion CHCO CH3CHO
Chain- lgrowth

@D ~—[oh
]

Figure 3. Different elementary reaction steps that an adsorbed CHy
intermediate can proceed during synthesis gas conversion.

The central CHy intermediate can either be hydrogenated to methane, it can
recombine with another surface C; fragment initiating chaingrowth and it can
undergo CO insertion. It is an important reaction intermediate because its
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reactivity for these different elementary reaction steps partially determines the
selectivity for methane, hydrocarbons and oxygenates respectively.‘ In this thesis
we will analyse the influence of a metal promoter on the kinetics of the CHy
intermediate for these steps. :

In fact the study concentrates on two main point:

What is the role of a vanadium promoter on the intrinsic reactivity of
adsorbed surface intermediates for dlfferent elementary reaction steps on a
rhodium catalyst?

Ponec [8] indicated recently that although the overall selectivity of
promoted rhodium catalysts is very well documented, the extend of promotion
of different reaction steps has not been understood. In this study supported
rhodium has been chosen as metal catalyst because it is very sensitive for CO
dissociation, and all the three elementary reaction steps from figure 3 are able to
proceed on this catalyst. Vanadium is chosen as a model promoter because of its
well known influence on the catalyst performance [73-80]. The influence of this
promoter on the elementary reaction steps: CO dissociation, CO insertion, Cy
hydrogenation and chamgrowth propagation, will be analysed in the chapters 2,
3and 4.

How does the reactivity of surface carbon from methane compare with that
of surface carbon from CO and how can we convert methane to higher
hydrocarbons?

It will be shown that from CO a very reactive surface Cj intermediate can be
formed that can produce hydrocarbons upon hydrogenation. We have
investigated if a similar surface intermediate can be formed from methane. If we
are able to produce such a reactive intermediate from methane, we can try to let
it react to interesting products. This would supply new routes for methane
conversion, as will be demonstrated in the chapters 6 and 7.

APPROACH

Transient technigues

In heterogeneous catalysis one normally operates under steady state
conditions, with the great advantage of working continually. However, in this
thesis mainly non steady state techniques are used like: ITKA (isotopic transient
kinetic analysis), TPR (temperature programmed reduction), PSRA (pulse
surface reaction rate analysis) and TPSR (temperature programmed
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hydrogenation). Such transient techniques are able to demonstrate in situ the
intrinsic reactivity of reactants. They also can be useful to catalyst
characterization and to unravel changes in the rates of elementary reaction steps.
Further it will be shown that when introducing transient steps, in special cases,
new reactions can be made feasible (chapter 6 and 7).

Quantum chemical calculations using the ASED method

Practical analytical methods are limited in their detection when molecules
are approached to close. Then theoretical calculations can become useful. To
analyse the reactivity of the central CHy fragments up to orbital level, quantum
chemical calculations are applied using the ASED method. This Atom
Superposition and Electron Delocalization Molecular Orbital theory is a
modified Extended Hiickel method [81-85]. The use of this semi empirical
method is especially explored to predict trends in reactivity as a function of the
metal d-valence electron occupation.
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Reactivity of CO on vanadium-promoted
rhodium catalysts as studied with transient
techniques.

ABSTRACT

The effect of vanadium promotion on the kinetics of CO
methanation on silica-supported rhodium catalysts was probed.
Transient model experiments as temperature programmed surface
reaction spectroscopy and pulse surface reaction rate analysis were used

.to unravel changes in rates of elementary reaction steps. CO
dissociation is the rate-limiting step in the overall methanation
reaction. The rate of CO dissociation is found to be enhanced by
vanadium. The activation energy is lowered from 90 kJ/mol for
Rh/Si03 to 65 kJ/mol for the promoted catalyst. The activation energy
for CO dissociation is a strong function of the CO surface coverage on
the unpromoted catalyst, while it is not on the vanadium promoted
catalyst. This leads to a mechanism explaining the effect of the
vanadium promoter according to the creation of free sites necessary for
CO dissociation.

CO adsorption at temperatures above 250 °C results in very
reactive surface carbonaceous intermediates that can be hydrogenated
to methane at temperatures as low as -15 °C. This reactive surface

. carbon can be incorporated into higher hydrocarbons.

This chapter will be published in Journal of Catalysis, 133, (1992) with co-authors
Wim j.J. Welters and Rutger A. van Santen.
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INTRODUCTION

Rhodium has a special place in the group VIII metals in relation to
synthesis gas conversion. Upon CO hydrogenation it is able to produce reaction
products both from dissociated and undissociated CO. On the right and below
rhodium in the periodic system, metals such as iridium, paladium and
platinum are located that have poor activity in CO dissociation and they can
produce methanol from synthesis gas. On the left and above rhodium the metals
ruthenium, cobalt and iron, have high activity for CO dissociation and are
known to be good metals for the Fischer-Tropsch reaction. Rhodium is an
intermediate metal that is just able to dissociate CO at elevated temperatures. CO
dissociation on rhodium catalysts is a nice probe to study the effects of the
catalyst morphology and promoters.

After the exploration of the formation of Cp* oxygenates from synthesis gas
over rhodium catalysts by Bhasin et al [1-4], many promoters have been added to
the catalyst to improve its performance. Especially the addition of oxidic
promoters has been shown to increase both selectivity and activity of oxygen
containing products like methanol, acetic acid, ethanal and ethanol. The typical
promoters used in this work are Ti [5-10], V [11-18], Mn [14,19-23], Fe [6,24-30], Co
[31,32], Zr [5,33,34], Mo [35,36], Mg [10,37,38], La [9,16,39,40] and Ce [41,42]. In these
studies mainly the influence of the promoter on the overall catalytic
performance is reported while it remains unclear to what extent the promoter
increases CO dissociation, CO insertion or hydrogenation of different reaction
intermediates. From the many studies to find rhodium based catalyst with high
yields for C2* oxygenated products from synthesis gas, it became obvious that the
selectivity for these products can only be high when working at low conversion.
This resulted in a loss of interest for this reaction from commercial point of
view. However the role of the promoter in such bimetallic catalysts is of great
fundamental interest, and can have implications for other bimetallic systems. In
this study vanadium is chosen as a model promoter because it enhances both
activity and selectivity for ethanol formation. Here we concentrate on the
influence of the vanadium promoter on the activity for CO dissociation on a
rhodium catalyst. '

CO dissociation has been studied on rhodium single crystals with different
surface techniques, showing that CO dissociation is impossible or very slow on
flat surfaces like f.c.c. (111) [43-45]. The introduction of steps and kinks [46-48] or
alkali co-adsorption [49] can enhance the rate of CO dissociation. Nieuwenhuis et
al [43] and Joyner [50] however, found that CO dissociation is impossible under
UHV conditions indicating that at very low pressures, CO prefers to desorb
above to dissociate. '
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Small rhodium particles supported on silica allow CO dissociation at
temperatures above 250 °C as reported by Solymosi and Erddhelyi [51]. Many
articles deal with the influence of the support on CO dissociation in relation to
catalytic activity in synthesis gas conversion [52-56]. Ichikawa et al [57] proposed
that the influence of the carrier or promoter is related to its acid/basic properties.
Acid metals promote CO dissociation and basic metals promote CO insertion.
Further the metal particle size can be a factor of importance for CO dissociation.
Sachtler and Ichikawa [58] showed that blocking atoms on group VIII metals are
able to decrease the rate for CO dissociation that is a structure sensitive reaction.
CO dissociation needs a metal ensemble of at least 5-7 free metal surface atoms
[59] as indicated with quantum chemical calculations. This implies that metal
particles below 15 A will show decreased CO dissociation activity. Further it has
been proposed from infra red measurements [60] that bridge adsorbed CO is the
favoured configuration for CO dissociation on supported rhodium catalysts.

Sachtler et al [61] suggested a mechanism explaining the promotion of CO
dissociation by oxidic transition metals. Chemisorbed CO is activated through an
interaction of its oxygen end bending to an oxophilic promoter. Using infrared
spectroscopy others [27,29,42,62,63] have suggested the observation of such 'tilted’
adsorbed CO. Ichikawa et al [27] suggested that multi-valent reduced transition
metals are able to dissociate CO in a redox mechanism. Reduced transition-metal
Mn+ jons can be oxidised to M(n+2)+ by oxygen supplied by dissociated CO.
Subsequent reduction occurs by CO or Hj o form again M+,

It is difficult to study the process of CO dissociation in isolation at steady
state synthesis gas conversion because many processes occur at the same time.
Therefore we studied the kinetics of CO dissociation on (vanadium-promoted)
rhodium catalysts with two transient model experiments. The first is
Temperature Programmed Surface Reaction spectroscopy (TPSR) [64-66]. The
second technique: Pulse Surface Reaction rate Analysis (PSRA), as has been
extensively used by Mori and co-workers [67-77].

EXPERIMENTAL

Catalyst preparation

A 3 wt.% rhodium catalyst was prepared by incipient wetness impregnation
of an aqueous solution of RhCl3 on pre-shaped Grace 332 type silica, 300 m2/g,
mesh size 75-125, pore volume=1.6 ml/g. This silica contains 0.02% Na, 0.0005%
K and 0.044% Fe. After impregnation, the catalyst was dried overnight at 110 °C.
The catalyst was reduced 24 hours at 350 °C in a flow of 30% H in Nz. The
temperature was raised with 2 °C/min. After cooling to room temperature the



14 CO dissociation on vanadium promoted rhodium catalysts

catalyst was passivated by pulsing'oxygen in the nitrogen flow. To compare Rh
and RhV catalysts with the same particle size vanadium was added by post
impregnation from a solution of NH4VOj3 in water. The ratio Rh/V was 3 on a
molar basis. The catalyst was again dried at 110 °C. The low amount of added
vanadium resulted in a catalyst system in which the CO chemisorption capacity
is hardly influenced by the reduction temperature.

Another 4.7 wt.% rhodium catalyst was prepared by wet impregnation of
RhCl3 on Aerosil 200 type silica (200 m2/g). After reducing and passivating,
- vanadium was added to this system by wet post impregnation with a solution of
VOCl; in a mixture of 50% ethanol and 50% 5M HCI (Rh/V=2 on a molar basis).
For both catalyst systems the amount of added vanadium was chosen in such a
way that the CO chemisorption capacity was reduced by about fifty percent.

Methods

For each experiment 300 mg of the catalyst was placed in the reactor tube
(i.d. = 10 mm) and was reduced in situ between 300 and 450 °C in a flow of about
8% hydrogen in helium. At the first reduction the temperature was raised not
faster than 5 °C/min. This prevented the catalyst from sintering. The
experiments were performed in a reactor flow system (see fig.1). The reaction
gases were analysed on line by a Quadrupole Mass Spectrometer (type: pga 100
from Leybold). The mass spectrometer monitored 8 masses at a sample frequency

of 1 sec.

21 —v?@g@

SR

Figure 1. Scheme of the pulse reactor flow system with on line detection with
a quadrupole mass spectrometer.




Chapter 2 15

All gases were oxygen purified with a BTS column (reduced copper). Water
was extracted from the gases using a molecular sieve. An extra molecular sieve
column was added for the hydrogen and helium gases, which could be cooled at
liquid nitrogen temperature to reduce the water concentration below ppm level.
In all cases the carrier gas was helium.

CO chemisorption was performed from a flow of 55 ml/min of 0.5% CO in
He at 1 atmosphere. From the consumed amount of CO the catalyst metal
dispersion was calculated. '

Temperature Programmed Surface Reactions spectroscopy (TPSR)
experiments were performed after the creation of surface species from CO. The
flow was 20 ml/min of 7.5% hydrogen in helium while the temperature was
raised with 5 or 10 °C/min. The formation of methane, water and carbon dioxide
as well as CO desorption, could be monitored on line in one experiment as a
function of the temperature. .

During Pulse Surface Reaction rate Analysis (PSRA) experiments a volume
of 0.19 ml of 3 atmosphere of 5% CO in He was pulsed into a flow of 50 ml/min
3% hydrogen in helium. At a fixed temperature the reactivity of pulsed CO to
methane was measured.

Unless stated otherwise, the experiments were performed with the catalyst
systems prepared on Grace type silica. These catalysts had a higher dispersion,
their preparation was more reproducible and consisted of a well defined mesh
size.

CHARACTERIZATION

Metal particle size

The rhodium particle size of the unpromoted catalysts was determined by
Transmission Electron Microscopy (TEM) as well as by CO. chemisorption. The
rhodium particle size in the rhodium/vanadium systems could only be
determined from TEM because vanadium co-adsorption reduces CO
chemisorption by an effect commonly referred to as Strong Metal Support
Interaction (SMSI) [78].

The particle size as determined by TEM is in good agreement with that
obtained with chemisorption for the unpromoted rhodium catalysts on Grace
silica. The rhodium particle size measured by TEM was the same with or
without vanadium on the Grace-supported catalyst (in contrast with CO
chemisorption, CO/Rh = 0.55 and 0.22 respectively) as shown in Table 1.
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Table 1. Particle size analysis with CO chemisorption and TEM measurements.

Catalyst Carrier CO/Rh1l, ()3 Rh Particle size 2
3% Rh Grace 332 055, (20 A)3 2 A
Rh/V=3 Grace 332 0.26, (53 A)3 2 A
4.7% Rh Aerosil 200 0.30, (45 A)3 354
Rh/V=2 Aerosil 200 0.12 (125 A)3 50 A

1 Mol CO chemisorbed per mol rhodium.
2 From TEM measurements.

3 Calculated particle size from CO chemisorption using a pyramid model assuming that
every surface rhodium atom adsorbs one CO molecule.

Temperature Programmed Reduction

On the RhV catalyst supported on Grace-type silica, small amounts of
vanadium were not in contact with the rhodium, as indicated by Transition
Electron Microscopy. This was suggested also from Temperature Programmed

Reduction TPR (fig. 2) measurements.
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Figure 2. Temperature programmed reduction of Rh/Grace (straight line),
RhV[Grace (dotted line) and V|Grace (dashed line).The temperature
was raised at 7.8 °C/min in a flow of 4% hydrogen in argon. Before
TPR the catalysts were calcined at 350 °C.

Most of the vanadium compound is reduced at the same temperature as
the rhodium particles, suggesting a very good interaction between the vanadium
and the rhodium metal particles. This result is in good agreement with Kip et al
[18,79] and Ponec and co-workers [66,80] who measured TPR spectra as a function
of the vanadium content in respectively RhpO3/V205/Al1,03 and
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Rh303/V20s5/5i0; catalysts. Some of the vanadium, about 15%, is reduced at
higher temperature between 160 and 400 °C. This second peak may be due to a
vanadium compound that has no interaction with the rhodium metal particles,
although the reduction temperature of vanadium on Grace is higher: around
500 °C. The difference in reduction temperature may be induced by the smaller,
more defect-rich vanadium particles, that can be reduced at lower temperature
[81]. Also spillover hydrogen dissociated by the rhodium particles, can be the
reason of the lower reduction temperature of the vanadium compound.

The rhodium metal particles are reduced at a higher temperature in the
vanadium-promoted system, which also indicates their close contact with the
promoter.

Ethylene Hydrogenolysis

An interesting surface morphology characterization probe is the
hydrogenolysis of ethene to methane. Carbon-carbon bond cleavage is known to
be a structure sensitive reaction [82,83]. Metal ensembles of a certain size are
needed for the formation of methane from ethene and hydrogen. Figure 3 shows
the activity for the rhodium and rhodium-vanadium catalyst for this reaction. -

§
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Figure 3. Hydrogenolysis of ethene to methane on a Rh/Grace and RhV/Grace
catalyst in a flow of 56 ml/min of 9 % hydrogen and 1.6 % ethene in
helium, as a function of the temperature.

The rate of the hydrogenolysis reaction is obviously reduced by the
vanadium promoter. However, the activation energy is the same for the two
catalyst systems, suggesting a decrease in the number of metal ensembles with
large enough size for hydrogenolysis. It confirms the presence of the vanadium
promoter adsorbed on the surface of the rhodium metal particles. So the
vanadium oxide precipitates preferentially on the rhodium metal particles
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instead of on the silica support duﬁng post-impregnation or is transported onto
the rhodium during reduction.

Infra-red spectroscopy

The extent to which adsorbed CO is activated by a metal catalyst as well as
the different adsorption sites, can be nicely studied with infra spectroscopy.

Figure 4 shows the infra-red absorbance spectrum of CO adsorbed at room
temperature on the rhodium and rhodium vanadium catalyst.

0.16 -
4w Linear CO

Absorbance

1200 1600 2000 2400
Frequency [cm™']

Figure 4. Infra-Red absorbance spectra of CO adsorbed at room temperature on
the Rh and RhV catalyst on Grace-type silica. CO was adsorbed at 20
mbar; spectra are taken with dynamic vacuum.

The absorbance spectra show that CO is bonded both bridged, linearly and as
twin CO on the Rh and RhV catalyst. The Vanadium hardly change the position
of the frequencies. On the rhodium catalyst more bridged CO is present;
vanadium co-adsorption shifts CO a little from the bridge to linear adsorption
sites. The peaks around 1600 cm-! are from water and not from tilted CO as
indicated from measurements with labelled 13C180.

Synthesis gas conversion

Finally the catalysts were characterized by their catalytic performance with
respect to the synthesis-gas conversion reaction. Activity and selectivity were.
measured under differential conditions (conversion < 1%), after one hour of
steady state reaction at 200 °C in a flow of 15 ml/min (H2/CO=2). The results are
presented in table 2.
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Table 2. Activity and selectivity ‘during synthesis gas reaction at 200 °C.

Catalyst Rh/Grace RhV/Grace Rh/Aer.3 RhV/Aer. 3

CO Conversion % 0.21 0.80 0.22 0.85

Activity 1 ' 0.18 0.70 0.15 0.52
Methane selectivity % 2 28 24 50 23
Ca*thydrocarbon select. 2 18 22 16 21
Ethanol selectivity 2 32 36 7.1 39
Ethanal selectivity 2 12 : 42 22 5.1
Other oxo's selectivity 4 10 13.8 4.8 12

1 Activity in : mmol CO converted per mol surface Rh per second.

2 Selectivities expressed in carbon efficiency. '

3 Aer. = Aerosil 200 type silica.

4 Selectivity of other oxygen containing products than ethanol or ethanal.

The differences in selectivities between the Grace 332 and Aerosil 200 type
silica for the unpromoted catalysts has been noticed by Nonneman et al [84,85]
who ascribed this to impurities in the silica. The Grace 332 carrier contains in
addition to silica, Na 0.04 %, CaO < 0.005 % and FeyO3 < 0.01 %. The catalytic
activity is increased by about a factor of four due to vanadium promotion on
both types of silica support, while the 'oxo-selectivity’ is changed from ethanal to
ethanol.

RESULTS AND DISCUSSION

Pulse Surface Reaction rate Analysis

During steady state synthesis gas reaction many elementary reaction steps
occur at the same time. Under such conditions it is not clear which one is the
rate limiting step. Especially at high pressure the surface is covered with a lot of
different species. These conditions do not allow a well defined study of CO
dissociation. Using Pulse Surface Reaction rate Analysis (PSRA), the surface
condition is well known. Before pulsing CO the rhodium catalyst has a well
reduced surface. During PSRA experiments the following processes take place:
CO adsorption, CO dissociation and subsequent hydrogenation of adsorbed
oxygen and carbon. CO adsorption on the clean reduced metal particles is very
fast and not activated. The second step CO dissociation, is slow compared with
hydrogenation of carbon as will be shown later. The use of PSRA to unravel
éhanges in the rate of reaction steps in CO hydrogenation has been extensively
demonstrated by Mori and co-workers [67-77]. They showed that the rate of CO
dissociation, kcg, is much smaller than kcpy, the rate of surface CHy
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hydrogenation, at the small CO pulses applied. Therefore one can calculate Turn
Over Frequencies for CO dissociation from PSRA curves.

The rates of methane formation as determined by PSRA as a function of
the temperature are presented in fig. 5. The amount of pulsed CO corresponds
with an average coverage of 10-20 % of the catalyst surface. However most of the
CO will be adsorbed in the beginning of the catalyst bed due to the CO sticking
coefficient near unity. No CO slipped through the catalyst bed.
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Figure 5. Methane formation from a short CO pulse in a diluted hydrogen
flow over a Rh[Aerosil catalyst at different temperatures.

The rate of methane formation is faster at high temperature as indicated by
the higher and steeper curve in fig. 5. The methane formation rate is considered
to be first order in adsorbed CO, what can be expected for adsorbed surface
species. The methane formation rate as a function of time can therefore be
written in the form of equation (1) in which k is the reaction coefficient in sec-1
for CO dissociation.

rcH, () = PE{; 6co,., k ekt M

The value of B lies between 1 and 2, and is not important to the fit as long
as the PH, is kept constant during the experiment. From the curve In(rcy,)
versus the time t, the reaction coefficient k is obtained from the slope. However,
this line is only straight in the decreasing part of the curve (for the fit the data
points are taken in the decreasing part when 75% of the maximum height is
achieved).



Chapter 2 21

If desired, the whole PSRA curves can be fitted by taking the performance of
the reactor system into account. Equation (2) describes the methane formation
curves wherein the reactor is considered as a continuously stirred tank reactor.

rery 0 = A [eX-eV/7] @

The factor A is a function of k, PHj ©C0w=0 and t. The mean residence time
in the reactor T can be measured in a separate experiment in which a CO pulse is
given over a silica catalyst bed. It appeared to be 5 seconds. The results of both fit
procedures are shown in fig. 6. '

r{CH ‘) {a.mn.}

¢ T T T T ‘ T 1
0 50 100 150 200 250 300
Time [ sec ]

Figure 6.  Different fit procedures for a PSRA curve. Dotted line: PSRA data at
350 °C on a rhodium catalyst; line 1: exponential fit according to
equation (1); line 2: fit according to equation (2).

The fitted k-values as found with the two procedures differ only two
percent for this case, indicating that the reactor does not disturb the transient
response at response times above 50 seconds.

The values of the reaction rate constants as deduced with equation 1 for the
Rh and RhV catalyst systems, are shown, in the Arrhenius plot of fig. 7. From
this figure it is clear that the CO dissociation rate is greatly enhanced by
vanadium promotion. The activity is increased by more than a factor of 10. The
activation energy for CO dissociation is lowered from 90 kJ/mol to 65 kj/mol by
the vanadium promoter. This agrees well with the results obtained by Mori and
co-workers. They noticed that vanadium promotion on a ruthenium catalyst
decreased the activation energy for CO dissociation [68].
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Figure 7.  Arrhenius plot from PSRA data for CO dissociation on Rh/Aerosil
200 and Rh,V/Aerosil 200; k-values are the reaction coefficients in

(sec’1). ‘

Temperature Programmed Surface Reaction

The ability of adsorbed CO to dissociate can be studied also with TPSR. The
rate of methane formation from CO adsorbed at room temperature, as a function
of temperature is described by the curves of Fig 8.

rCH,) [au.]

- 100 150 200 250 300
Temperature { °C ]

Figure 8. Temperature programmed hydrogenation of adsorbed CO on the
Rh/Grace and the RhV/Grace catalyst.

During the hydrogenation of adsorbed CO, methane and water are the only
products. The curve shape of the formation of water and methane as a function
of the temperature, are the same. This indicates that water and methane
formation have the same rate-limiting step in CO hydrogenation: CO
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dissociation. This was concluded also for CO hydrogenation over nickel catalysts
by McCarty and Wise [65]. The total area below the RhV curves is less than under
the unpromoted catalyst because the CO chemisorption capacity is reduced by the
vanadium. Characteristic in these plots is the lower temperature for the
maximum methane formation rate of the vanadium-promoted catalyst [66]. Not
withstanding the lower number of adsorbed CO molecules on the RhV system,
the reaction rate of methane formation is higher at low temperatures. One may
conclude that the vanadium promoter enhances the rate of CO dissociation. The
rate of methane formation (rcy,) in the TPSR curves can be described by
equation (3) [86,87], as a function of the surface CO coverage (8¢Q), the effective
frequency factor (ves) and the activation energy Eact.

ICH, (T.8co) = Veif(@co) ©CO e Fact/RT ®

When B¢ is assumed to be constant in a small temperature range in the
beginning of the curve, it is possible to convert these data into an Arrhenius plot
and derive an activation energy.
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Figure 9. Arrhenius plot from TPSR data for the Rh/Grace and the
Rh,V[Grace catalyst.

Also from fig. 9 it appears that the CO methanation activity is increased by
vanadium promotion. The activation energy is decreased from 96 to 67 kJ/mol
which is in good agreement with the activation energy derived from PSRA data.
Although the size of the rhodium metal ensembles are decreased by vanadium
promotion, as shown with hydrogenolysis and CO chemisorption, the rate of CO
dissociation is increased. Vanadium promotion generates new sites for CO
dissociation with a higher reaction coefficient.
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Influence of CO surface coverage

With TPSR the activation energy for CO dissociation can be determined
under well defined conditions. The activation energy for this step was studied as
a function of the surface coverage of CO. Different homogeneous CO surface
coverages on a rhodium catalyst were created by adsorbing a mono-layer of CO
and removing subsequently a known part of the CO by hydrogenation. By
monitoring the amount of methane formed, the CO coverage is determined.

The TPSR curves of fig. 10a show that under 200 °C the methanation rate
can be increased by decreasing the surface coverage of CO from 1 to 0.5. Also the
temperature at which methane formation is maximal, decreases when ©co
decreases, indicating that CO dissociation is easier at low CO coverages on the
rhodium catalyst. Figure 10b shows the Arrhenius plots from TPSR data as a
function of the initial surface coverages of CO using formula (3).

5
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Figure 10. TPSR curves obtained with different initial surface coverages of CO.
a: TPSR curves. b: Arrhenius plot.

The activation energy for CO dissociation is clearly a function of the surface
coverage of CO. At low surface coverage (8¢c0=0.15) the measured activation
energy is 45 kj/mol while it increases to about 90 kJ/mol at the CO coverage of a
mono layer. CO dissociation needs a free metal ensemble. From quantum
chemical calculations it was suggested that at least 5 free metal atoms are
necessary for successful separation of the CO bond. Especially the moving oxygen
atom needs space and free rhodium atoms to bind with [88,89]. At high CO
coverages the metal ensembles used are small resulting in a high activation
energy for CO dissociation. At full CO coverage always a little CO desorption is
detected, before CO dissociation occurs on the rhodium catalyst.
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The overall effect of vanadium co-adsorption on the rate of CO dissociation
is very similar to the effect of a decreasing CO coverage. In both cases the
activation energy for CO dissociation is found to be decreased. On the vanadium
promoted catalyst the activation energy for CO dissociation appeared to be rather
independent of the CO surface coverage. From these observations a new
mechanism for the promotion of CO dissociation is proposed. The vanadium
promoter supplies a new kind of oxygen vacancy, necessary for CO dissociation.
It is possible that VO3 generates additional sites that can interact with the
oxygen atom from CO. In this way the vanadium promoter would act as a
structural promoter creating free sites for CO dissociation. It has been suggested
that SMSI promoters are able to suppress CO chemisorption on the rhodium
metal near the vanadium promoter by electronic effects [90]. This is consistent
with our model that suggests a local larger free metal ensemble close to the
vanadium promoter enhancing CO dissociation.

The hypothesis of an alternative oxygen vacancy is close to the ideas of
Sachtler and Ichikawa [57] and Levin et. al. [58] who suggested that V203 can
interact with adsorbed CO through an interaction with the oxygen end of CO,
weakening the CO bond. Such tilted CO has been observed on bimetallic catalysts
with infra red spectroscopy. However on our promoted catalyst no tilted CO is
present between 30 and 400 °C (see fig. 4). The observed infra red frequencies of
bridge, linear and twin adsorbed CO are not significantly changed by vanadium
promotion.

The function that describes the dependence of the activation from the CO
surface coverage on the unpromoted rhodium catalyst can be estimated from fig.
10b. A second order épproximation of the activation energy as a function of the
CO coverage, is given in the empirical equation (4).

2
Eact (Oc0) = 43.64 - 1.48 Ocp + 46 O (kJ/mol) @)

Knowing the activation energy as a function of the surface coverage the
functions (3) and (4) can be used to calculate the relative rate for CO dissociation
at any temperature and CO coverage. Figure 11 shows this plot from which it
appears that there is an optimum CO surface coverage for methanation, at a
specified temperature. The CO surface surface coverage, at which CO dissociation
activity is highest, is 0.2 at 100 K and is slightly increasing at higher temperatures
to 0.33 at 1000 K. If the aim is to create rhodium catalysts with optimum
methanation performance, one should try to realize this coverage.
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Figure 11. Calculated methanation activity of adsorbed CO on the rhodium

catalyst as a function of surface coverage and temperature according
to equation 3 and 4.

Influence of the hydrogen partial pressure

The influence of the hydrogen partial pressure on the activation energy for
CO dissociation on the unpromoted rhodium catalyst was studied using TPSR.
At a higher hydrogen pressure the surface coverage of hydrogen is supposed to
increase because surface hydrogen is in equilibrium with gas phase hydrogen.
TPSR spectra were measured at the same flow, varying the hydrogen partial
pressure in a hydrogen helium mixture. The results are shown in the Arrhenius

plot of fig. 12.
0.5
0.0 "
0.5 ' \
10 _

-1.5 T
2.05 2.15 2.25 2.35
1000/Temp [K ]

Figure 12. Arrhenius plot from TPSR curves with different hydrogen partial
pressures on the rhodium/Grace catalyst. Squares: pH,= 37 mbar;
circles: pH,= 80 mbar; triangles: py,= 160 mbar; diamonds: py,= 440
mbar.
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From fig. 12 it appears that the activation energy for methanation is not a
strong function of the hydrogen partial pressure. This is in agreement with the
idea that CO dissociation is the rate limiting step in CO methanation. However
at higher hydrogen pressure the rate of the reaction increases. Figure 12 shows
that this is due to the creation of an increased number of active sites. High
hydrogen pressures will result in a higher concentration of dissociated hydrogen
on the rhodium surface. This leads to a faster removal of the surface oxygen
species remaining after CO dissociation. This results in a larger number of free
rhodium surface sites that can be used for CO dissociation. Some authors have
indicated that the dissociation of CO [67,91,92] and CO; [93] is enhanced by
hydrogen via 'hydrogen assisted CO dissociation’. Two alternative mechanisms
has been mentioned for this hydrogen effect (see fig. 13).

® ®

Rhodium ﬁ&m m %h—o-ﬁm

Figure 13. Suggested mechanism for hydrogen assisted CO dissociation in the
literature. a: Solymosi et al [91].  b: Vannice [103,104].

0

In the mechanism shown in fig. 13b hydrogen is supposed to attack the
double bonding of CO resulting in an ethoxy like intermediate. Biloen and
Sachtler {94] demonstrated from kinetic analysis that this reaction path is not
likely to occur. In the mechanism proposed by Solymosi (fig. 13a) hydrogen is
supposed to increase the 'back donation’ by donating electrons via the metal into
the antibonding 2n” orbital of CO, resulting in a lower CO stretch frequency as
observed with infra red spectroscopy. However according to both mechanisms
the activation energy for CO dissociation is supposed to decrease. This is not true
and therefore we do not think that these effects exist. The enhanced hydro-
genation at higher hydrogen pressures is mainly due to a large number of sites.

Hydrogenation of surface carbon

TPSR can be used also to study the reactivity of surface species that are
formed. from CO decomposition. CO dissociation can occur during CO
adsorption at elevated temperatures. Figure 14 shows such a plot in which the
hydrogenation activity of surface species created from CO adsorption at 400 °C is
shown. CO was adsorbed from a pulse of 10 minutes from a flow of 50 ml/min
of 0.5 % CO in helium. During CO adsorption CO; formation was observed from
both the Boudouard reaction and the water gas shift reaction, as shown from
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C180 adsorption experiments. After adsorption the catalyst was quickly cooled in
a helium flow to 50 °C.

Methane formation rate [a.u.]

0 SO 100 150 200 250 300
Temperature [ °C ]

Figure 14. TPSR of surface species formed from CO adsorption at 400 °C on the
RhGrace catalyst.

During the adsorption of CO at 400 °C a very reactive carbonaceous surface
species is formed that can be hydrogenated towards methane at 50 °C. Even at -15
°C methane formation was detected upon hydrogenation. This highly reactive
carbon species is created by CO dissociation at temperatures above 250 °C. The
high rate of hydrogenation of surface carbon is consistent with CO dissociation to
be the rate limiting step in CO methanation. The second peak in the TPSR of
figure 14 is at the temperature where non-dissociated CO reacts. This peak can
therefore be described to undissociated CO that is still present on the catalyst
surface. This was confirmed by additional FT/IR experiments in which adsorbed
CO was still visible after a temperature treatment at 400 °C.

Percent reactive

Temperature [ °C ]

Figure 15. Fraction of reactive carbon formed from CO as a function of the CO
adsorption temperature, for the Rh and the RhV/Aerosil catalyst.
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Integrating the first and second peak from fig. 14 it is possible to define a
fraction reactive carbon to total species that can be hydrogenated. Formation of
methane below 100 °C is considered as contributed by reactive carbon; below this
temperature no methane is produced during a TPSR of at room temperature
adsorbed CO (fig. 7). The influence of the vanadium-promoter on the relative
amount of reactive surface carbon formed was investigated at different CO
adsorption temperatures (see fig. 15).

The fraction of reactive carbon formed from CO is a function of the
adsorption temperature. Its formation is an activated process. The fraction
reactive carbon produced from CO is increased by vanadium promotion and the
temperature of initial formation is lowered by 50 °C. This again indicates a faster
CO dissociation rate on the vanadium-promoted catalyst. Reactive carbon can be
created also from CO adsorbtion at room temperature and subsequent heating of
the catalyst. The fraction of reactive surface carbon formed in this way, is less
than that formed from CO adsorption from the gas phase. The effective
activation energy for CO dissociation is less in the last case, and is equal to that
for dissociation of the chemisorbed state minus the heat of adsorption [95].

The incorporation of reactive carbon into C* hydrocarbons is of interest.

" Efstathiou and Bennett [96] showed that the surface concentration of reactive Cq
carbonaceous species can vary from 2 to 6 % during synthesis gas reaction on
supported rhodium catalysts. We have seen that vanadium can increase this
value due to an enhanced rate of CO dissociation [97,102]. However, comparing
intrinsic reactivity for carbon-carbon bond formation between these carbidic
surface species, it is important that the surface coverages are the same on the two
catalysts. This is possible by choosing the right CO adsorption temperature from
fig. 15. We generated a surface coverage of about 14% on a Rh and RhV catalyst.
Subsequently, the formation of higher hydrocarbons can be initiated by flowing
15 ml/min of Hz/CO=2 at 200 °C over the catalyst. The initial concentration of
hydrocarbons formed as a function of time was measured with time based GC
analysis. We have compared the incorporation of reactive surface carbon from
CO into hydrocarbons, with hydrocarbon formation from synthesis gas without
pre-deposition. Methane to pentane product formation appeared to be higher
after pre-deposition of surface carbon on both the rhodium and rhodium-
vanadium catalyst. When a synthesis gas reaction was started after CO
adsorption at 400 °C and subsequent removal of reactive carbon with hydrogen
at 50 °C, no extra initial C* hydrocarbon formation was observed. This indicates
that the reactive carbidic surface carbon can be incorporated in a synthesis gas
reaction. Especially these reactive Cq surface species show high affinity for C-C
bond formation on rhodium catalysts [97,98]. This was also demonstrated with
labelled 13CO on nickel by Araki and Ponec [99] and on cobalt and ruthenium by
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Biloen et al [94,100,101]. They deposited 13C carbon by 13CO decomposition,
which could be rapidly incorporated into hydrocarbons under synthesis
conditions.

CONCLUSION ,

Both TPSR and PSRA show that CO dissociation on rhodium catalysts is
enhanced by vanadium promotion. This is due to a reduction of the apparent
activation energy by about 27 kI/mol. While the activation energy for CO
dissociation is independent of the hydrogen partial pressure, it is a strong
function of the CO surface concentration. From this dependence it is possible to
estimate the optimum surface coverage for methanation. It is found to be weakly
temperature dependent is about 0.2 - 0.3 for the rhodium catalyst investigated.

The activation energy for CO dissociation depends strongly on the number
of free sites. Therefore enhanced rates for CO dissociation in the presence of
reduced vanadium patches, can be due to more free rhodium surface or to the
supply of a new kind of oxygen vacancies, increasing the rate of CO dissociation.

Dissociative CO adsorption at temperatures above 250 °C produces a very
reactive carbidic surface species. Its formation is enhanced by co-adsorption of
vanadium. This carbidic type carbon species can be incorporated into
hydrocarbons under synthesis gas conditions.
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Transient response study of CO insertion into
CHy surface intermediates on a vanadium
promoted rhodium catalyst.

ABSTRACT

The rate of CO insertion into surface CHy species was investigated
on a silica-supported rhodium and rhodium/vanadium catalyst.
Isotopically labelled 13CO was used in a transient kinetic experiment
under steady state conditions. A main conclusion is that vanadium
promotion does not effect the reaction coefficient of CO insertion.
From temperature programmed surface reaction measurements the
surface concentration of CHy species during steady-state reaction was
determined. This concentration is increased by the vanadium
promoter co-adsorption. Combining these data with the selectivity and
activity in synthesis gas to oxygenate conversion, a model is derived
from which reaction rates of elementary steps and surface
concentrations are calculated. Ethanal formation appears to occur at
two distinguishable sites. Vanadium promotion decreases the
desorption rate of ethanal, enhances the hydrogenation rate to ethanol,
and increases the surface concentration of oxygenated intermediates.

This chapter will be published in Journal of Catalysis, 133 (1992), with co-author
Rutger A. van Santen.
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INTRODUCTION

The formation of oxygenated compounds such as ethanol and ethanal from
synthesis gas is of significant fundamental interest [1-2]. Supported rhodium
catalyses-this reaction. Oxidic promoters like MnyO3, FeOy, V203, HfO2 and TiO;
have been shown to increase the selectivity for ethanol formation [3-7]. In this
chapter the influence of a vanadium promoter on the reaction rate of some
elementary steps is analysed.

Mechanism

In the mechanism of the ethanol and ethanal formation, generally three
main elementary reaction steps can be distinguished: CO dissociation, CO
insertion into surface CHy fragments and hydrogenation of surface
intermediates. It is difficult to describe quantitatively how these steps are
individually influenced by oxidic promoters from the overall performance in
synthesis gas conversion. In chapter two it was demonstrated that CO
dissociation is promoted by the vanadium promoter. CO dissociation results in
adsorbed oxygen and carbon. The oxygen adsorbed atom is removed as CO; or
H0 and the surface carbon is supposed to be partially hydrogenated to a CHy
fragment. This is an important intermediate because it can react towards
methane, it can recombine with other carbon fragments supporting chain
growth or it can undergo CO insertion resulting in an oxygen containing
intermediate.

In this chapter we shall concentrate on the influence of the vanadium
promoter on CO insertion into adsorbed CHy fragments and the subsequent
hydrogenation to ethanal and ethanol. CO insertion is a key reaction step in the
formation of Cz* oxygenates from synthesis gas as well as in hydroformylation
reactions [7a-7c, 38]. The value of x in the CHy species during CO insertion is
equal to 3 or 2 [8] because only then the metal-carbon interaction is relative low
[91. CO insertion leads to an intermediate that can produce ethanol and ethanal.

> e G
5+0-—%C02, H,0
@+ e ——-.
G

Figure 1. Elementary reaction scheme for synthesis gas conversion into
oxygenates [10-15].
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The intermediates involved in the formation of oxygenates from synthesis
gas have been extensively studied but some controversy remained. Orita et al {10]
claimed that the formation of ethanal occurs from an acetate species as reaction
intermediate. Underwood and Bell {11], Mazzochia et al [11a] and Kiennemann
et al [12] showed that ethanal is the precursor for ethanol formation. Jackson et al
[13] suggested that different reaction intermediates are responsible for ethanol
and ethanal formation, because according to him ethanal formation is much
faster than ethanol formation. This was deduced from experiments in which
13CO was pulsed in a synthesis gas flow. Contrary to this interpretation, Ichikawa
and Fukushima [14] showed, by a reaction of 13CO and 13CH30H with synthesis
gas, that ethanal and ethanol can be generated from a common reaction
intermediate. Fukushima et al [15] indicated this reaction intermediate as an acyl
species, with FT-IR spectroscopy. In addition to such a reaction intermediate a
second oxygenated reaction intermediate must be proposed in the reaction
mechanism of fig. 1 which can be an ethoxy species as indicated by the same
authors [15]. This intermediate was also proposed by Agarwal et al [16], who
studied the hydrogenation of ethanal to ethanol. They argued that ethanal is
adsorbed on the catalytically active surface through the oxygen atom and is
hydrogenated to an intermediate that is bounded by its hydroxy carbon atom to
the metal surface. Although it remains unclear whether the first oxygenated
reaction intermediate (CH3CO) is adsorbed as an acyl species or as acetate, and
whether the second oxygenated intermediate (CH3COH) is bonded through a
carbon atom or an oxygen atom to the surface, the transient data show that at
least two different reaction intermediates must be postulated.

Influence of pronioters

The influence of promoters on the rate of CO dissociation has been studied
extensively {17-19]. Both alkali and oxygen-containing transition metals can
enhance the rate of CO dissociation. The enhanced CO dissociation rate, as
demonstrated for vanadium promotion [20,21], will increase the overall activity
of a rhodium catalyst with respect to the synthesis gas conversion reaction.
Much less is known about the effect of promoters on the CO insertion rate into
adsorbed CHy species. Fukuoka et al [22,23] recently suggested a mechanism for
iron promoted rhodium catalysts, in which tilted adsorbed CO molecules
resulted in an enhanced activity for CO insertion. From activity measurements,
Chuang et al concluded that CO insertion is favoured by small metal ensembles, .
which could be created by blocking silver atoms [24] or by co-adsorbed sulfur {25].
Results on CO insertion activity obtained from ethene addition to synthesis gas
resulting in propanol [26-29], must be interpreted cautiously. Ethylene addition
also changes the surface concentration of reaction intermediates, which may
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effect selectivities. Orita et al [10] showed that potassium promoter could supply
reactive oxygen, which can be used to stabilize acetate species. This was also
shown for acyl species by FT-IR measurements with vanadium-promoted
rhodium by Fukushima et al [30,15]. Also Boujana et al [31] noticed a stabilized
acetyl species when a promoter was added to a paladium catalyst. A relation has
been proposed between the stabilization of oxygenated intermediates and an
improved selectivity for ethanol formation. Despite all these suggestions, a
direct study of the reactivity of adsorbed CHy fragments with CO has not yet been
performed. Here we report on a study of the CO insertion step under steady state
conditions using transient kinetic experiments.

Transient kinetic analysis

~ Steady State Isotopic Transient Kinetic Analysis (SSITKA) is a powerful tool
to analyse reaction rates of elementary steps as shown by Happel [31a-31c],
Bennett {31d], Biloen [32,33], Goodwin [34,35], Bell {36] and Delgass [37]. Without
changing the steady state conditions it is possible to determine surface
concentrations of reaction intermediates and their residence time on the catalyst
surface. Also the heterogeneity of the surface can be analysed, as is shown for the
formation of ethanal.

The effect of vanadium promotion on a silica supported rhodium catalyst
was studied for the reaction of surface CHy and CO to an adsorbed CH3CO
intermediate and its subsequent hydrogenation. The enhancement of CO
dissociation by vanadium promotion [39] complicates direct analysis of the
transient data. In order to circumvent this we analysed the incorporation rate of
13C from CO, into the carbonyl group of ethanal and into the hydroxy-carbon
group of ethanol during a step-wise change from 12CO synthesis gas to labelled

13CO synthesis gas.

5H; + 2CHx + 213CO — CH3!3CHO + CH313CH,OH 4]

The 13C carbon atoms (underlined) in ethanal and ethanol are from
undissociated CO, and the rate of incorporation should be independent of the
rate of CO dissociation. The incorporation of these 13C atoms can be determined
by analysing mass spectra.

The rate of appearance of 13CO in products will not only depend on the rate
of CO insertion, but also on the rate of hydrogenation of the adsorbed CH3CO
intermediates and on their subsequent rate of desorption. To analyse the
interactions of ethanal and ethanol precursors with the catalyst, we carried out
Temperature Programmed Desorption (TPD) experiments. The hydrogenation
rate of surface intermediates was studied in a separate experiment, in which
ethanal was hydrogenated to ethanol.
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The results are analysed using a model in which the influence of the
vanadium promoter is described in terms of changes in reaction rates of the
elementary steps and surface concentrations of reaction intermediates. In order
to do so the surface concentration of adsorbed CHy intermediate must be known.
The concentrations were estimated from separate Temperature Programmed
Surface Reaction (TPSR) experiments, using the observation that the reactivity
of adsorbed CHy intermediates in hydrogenation is much higher than that of
adsorbed CO [39,40].

EXPERIMENTAL

Catalyst

A 3 wt.% rhodium catalyst was made by pore volume impregnation of pre-
shaped Grace 332 type silica (surface area=300 m2/gram, pore volume = 1.65
ml/g, mesh size=100) with an aqueous solution of RhCl3. After reduction at 350
°C for 16 hours and passivation at room temperature, vanadium was added by
post impregnation of a solution of amonia-metavanadate. On the promoted
catalyst the molar-ratio of rhodium:vanadium was 3. The amount of CO that can
be chemisorbed on the promoted catalyst system, was insensitive for the
reduction temperature. The vanadium promoter covered the rhodium particles
as deduced from CO chemisorption and other techniques [39]. From
transmission electron microscopy photographs it was concluded that the
rhodium particles have the same size on both catalysts.

method

Before each experiment, the catalyst was reduced in situ at 350 °C for at least
one hour. Catalytic reaction was carried out with 500 mg of the catalyst in a flow
of 15 ml/min of synthesis gas (Hz/CO=2) at 210 °C. All experiments were done
after one hour of steady state synthesis gas reaction.

With TPSR the surface concentration of reactive surface carbon species
during synthesis gas reaction was determined. After the synthesis gas reaction
the reactor was quickly cooled to 100 °C in a helium flow, while CHy
intermediates as well as CO remained adsorbed. At 100 °C only the reactive CHy
intermediates produce methane in a reaction with hydrogen. On raising the
temperature surface carbon monoxide and graphitic carbon are hydrogenated to
methane. The amount of .methane produced at 100 °C divided by the total
amount of methane produced in a TPSR experiment, was used as an estimate for
the concentration of adsorbed surface CHy intermediates.

For the transient kinetic experiment a reactor system was used, connected
to a mass spectrometer. All dead volumes were minimised. The dead volume of
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the reactor above the catalyst was filled with quartz. Just above the reactor a four
way valve could switch from normal synthesis gas to 13C labelled synthesis gas.
After the catalyst bed a small tube led to a multi-position 16 way loop valve (type
- ST16 Chrompack). This valve contained 16 loops of 0.3 ml that could be placed
in turn into the reaction gas flow. By switching this valve, 15 loops of reaction
gases could be stored. It was kept at 110 °C. To obtain well defined response data
without disturbing the steady state, it is important that the pressures are the
same in the two flow sets before switching. The pressure drop of the catalyst bed
(normally about 0.18 atm.) was also created in the second flow by a needle valve.
The system is schematically presented in figure 2.

Figure 2.  Schematic presentation of the time based GC-MS equzpment as used
for the isotopic transient experiment.

The temperature in the catalyst bed was measured by a thermocouple in a
quarts capillary. After one hour of steady state reaction, the synthesis gas was
switched to labelled 13CO (MSD isotopes, 99.3% 13C). 15 Loops were filled with
reaction gas during the first ten minutes after the switch. Afterwards the stored
gases were pulsed into a gas chromatograph on a widebore plot g column of 13
meter (& = 0.53 mm). All components, except methane, hydrogen and CO, were
separated in a temperature programmed GC run from 30 to 180°C. The widebore
column was connected by a glass press-fit coupling with a capillary column of 3
meter length that introduced the components into a high resolution mass
spectrometer (AMD MMH]1, Harpstedt Germany [41]). Every 1.5 second all
masses between 10 and 50 atomic mass units were measured. The data were
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stored in a computer system and evaluated afterwards, with a DP 1.05 program.
From the fragment ions in the mass spectrum it was possible to calculate the
fraction of labelled 13C in the carbonyl group of ethanal from masses 29 and 30,
and in the hydroxy-carbon group of ethanol from masses 31 and 32. Corrections
were made for the natural fragmentation of the products, the oxygen and
nitrogen background and the natural abundance of 13C of 1.1 %. The transient
experiment was duplicated, with similar results.

The hydrogenation of ethanal to ethanol was tested in a micro-flow reactor
(i.d. of 10 mm). A flow of 58 ml/min of 2% ethanal and 8.5% hydrogen in
helium was passed over 300 mg of the reduced catalysts at different
temperatures. The products were analysed with a gas chromatograph
(Chrompack, CP 9000), using a widebore plot q column of 25 meter (J = 0.53
mm). The TPD experiments were carried out in the same reactor system. The
catalyst was saturated with ethanal or ethanol by adsorption in a helium flow of
56 ml/min at 110°C. After flushing for 30 minutes in helium the reactor was
cooled to 40 °C and the TPD was started in a helium flow of 20 mi/min. The
temperature was raised at 5 °C/min while every two minutes the desorbing
products were analysed with the GC.

RESULTS

The activity and selectivity of the catalysts during the steady state synthesis
gas reaction are presented in table 1.

Table 1. Activity and product distribution during synthesis gas reaction at 210 °C
(H2/CO=2, 1 atm.) of the rhodium and the rhodium vanadium catalyst.

Selectivity percent

Catalyst Activity 1 | Ethanal Ethanol Methane C;* HC. oxo's 2
Rh . 027 7.18 18.9 42.0 25.0 6.9
RhV 1.00 2.28 22.8 36.3 29.8 8.8

1 Activity expressed as mmol CO converted per surface metal atom per second.
2 Products containing one ore more oxygen atoms other than ethanal and ethanol.

As previously noticed [20,21,38,39] the vanadium promoter shifts the
selectivity from ethanal to ethanol. The activity per surface rhodium atom is
about four times increased.

The transient response curves of the incorporation of 13C into 13CO to
produce CH313CHO and CH313CH,0H for the rhodium and rhodium-vanadium
catalyst are presented in the figures 3a and 3b.
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Figure 3. Appearance of 13C from 13CO in carbon monoxide (squares), the
: carbonyl group of ethanal (open circles) and in the hydroxy-carbon
group of ethanol (triangles). Left: Rh.  Right: Rh-V.

The disappearance with time of the fraction of 12C in the above mentioned
carbon atoms of ethanal and ethanol for the Rh and RhV catalysts is shown in
figure 4 on a logarithmic scale.
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Figure 4. The disappearance of 12CO in C; -oxygenates compared on the
rhodium and rhodium-vanadium catalyst. a: Ethanal. b: Ethanol.

The presence of the vanadium promoter slows the rate of 13C O
incorporation into ethanal while it is enhanced for incorporation in ethanol.

Differences in the interaction of ethanal and ethanol with the silica support
follow from the Temperature Programmed Desorption experiments in figure 5.
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Figure 5. Temperature programmed desorption of ethanal and ethanol from
silica. (Ethanol concentration has been multiplied with 3).

Ethanal and ethanol TPD experiments from the Rh and RhV catalysts were
carried out; ethanol desorbs at a little higher temperature than ethanal.

To compare the reactivity coefficients of CO insertion on the Rh and RhV
catalysts, the surface concentration of reactive surface carbon has to be known.
Therefore a temperature programmed surface reaction was done after one hour
of synthesis gas reaction at 200 °C, and subsequent cooling in helium to 50 °C (fig.
6).
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Figure 6. Temperature programmed hydrogenation of surface species, formed
during one hour of synthesis gas reaction.

Methane formation [a.u.]

The total amount of surface species that can be hydrogenated on the RhV
catalyst is about half of that on the Rh catalyst, due to partial coverage of the
rhodium particles by the promoter. The concentration of reactive carbon species
is determined from the amount of methane produced at 100 °C divided by total
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amount of methane formed (up to 400 °C) and is 0.34% for the Rh catalyst and
1.4% for the RhV. The low concentration of the reactive Cq carbonaceous
intermediates on the rhodium catalyst during synthesis gas reaction corresponds
well with the amount found by Efstathiou and Bennett [40].

Finally we analysed the influence of the vanadium promoter on the
hydrogenation of ethanal to ethanol in a separate experiment. The activity and
selectivity as well as the order in ethanal and hydrogen are presented in table 2
and figure 7.

Table 2. Activity and selectivity for hydrogenation of ethanal to ethanol at 110
°C.

Catalyst Activity Ethanol Order in Order in  deactivation
TOFL Selectivity % Hydrogen  Ethanal % per hour

Rh/SiO2 0.11 65 1.70 -0.5 4
RhV/Si0Os 0.97 a3 0.80 -0.4 1
1 mol converted ethanal per surface rhodium atom per second.
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Figure 7. Hydrogenation of ethanal to ethanol on the Rh and RhV catalyst.
a:Arrhenius plot (left).  b:Selectivity (right).

It can be seen that both activity and selectivity to ethanol are greatly
increased by the vanadium promoter. The activation energy for ethanal
conversion is hardly changed: 44 kJ/mol for Rh and 43 kJ/mol for RhV.

DISCUSSION

The ratio of the rate of incorporation of 13CO into ethanol and ethanal,
correspond well with that measured by Jackson et al [13] on Rh/SiO3. They
pulsed labelled C180 into a synthesis gas flow, and measured the incorporation
into ethanal and ethanol. They noted that the incorporation into ethanal is fast
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while the incorporation into ethanol was so slow that it could not be observed.
However this does not prove that ethanal and ethanol are formed from different
reaction intermediates as they suggested.

A semi-logarithmic plot of the normalised isotopic transient data is
expected to be linear. This appeared to be true for the ethanol production (fig. 4b).
However, for the formation of ethanal, a clear deviation exists from straight line
behaviour (fig. 4a) at higher response times. This indicates that different active
sites exist. Analysing the curve in more detail can give information about the
reactivity coefficients of the different sites. The total rate of a first order surface
reaction, taking place on a non homogeneous surface, consisting of sites with
different reaction coefficients, can be modelled as a sum of exponentials. The
distribution of the rate constant k can in principle be calculated by fitting the
transient curve with the expression (2).

Rate=@02i(xik;e'k“) @

Q9 is the total surface coverage, x; is the fraction with reactivity k;. De
Pontes et al [36] derived a general deconvolution to extract the function x(k),
from the plots in figure 3. For less well defined data one also can model the
transient data using equation (2). Fixed k; values were chosen and the
amplitudes x; were fitted using a Marquardt routine. The k-value distributions
derived in this way for the Rh and RhV catalyst are shown in figure 8. The
incorporation rate calculated from this figure is shown as the fit in the figures 3a
and b. :
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Figure 8. The k-value distribution from SSITKA data for the formation of
ethanal, on a Rh and RhV catalyst.
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One can conclude that ethanal formation occurs at least at two different
sites. Vanadium promotion decreases the reactivity of the active sites and
increases the fraction of stabilized ethanal intermediates that desorb only slowly
as ethanal.

To obtain quantified information from the plots in figure 3a and 3b, in
terms of elementary reaction rates, we used the kinetic scheme as shown in
figure 1. Also the surface concentrations of the reaction intermediate CH3CO and
CH3COH can be calculated and left within the reaction coefficients k. The
hydrogen pressure dependence of each elementary step is not explicitly
considered. Our analysis implicitly assumes that the hydrogen partial pressure
and coverage was constant during the experiment. The concentration of the two
important oxygenated reaction intermediates from figure 1, are written as
I1#@¢cHaco and I3=@cHscoH. To extract the k values, the corresponding
equations have to be derived. For incorporation of 13C into the aldehyde group
of ethanal according to the mechanism from figure 1, one can write the rate
equations (3) and (4).

dCH3!%CHO «
= , ®

(11311
& ks @ 9?3(:0 - (ks + kg) 1311 v @

The reaction orders o and B of the surface intermediates are assumed to be
one. The integration of (4) results in (5) when the fraction of surface 13CO is
taken the same as that of the gas phase and follows: @13co () = [ 1-e V]

131, =% [1-e ks +keit] Yk?_]&%[ U+ Kok g 7t] ©

In this equation y is introduced as a correction for the non-ideal switch
from 12CO to 13CO, the value of which can be deduced from the experimental
data in figures 3a and 3b. For relative large y (step wise change from 12CO to
13CQ) the second part of this equation becomes zero. The measured y values
were 0.05 for the Rh and 0.03 sec’! for the RhV experiment while the dead time
for response was 27 sec. The scrambling between adsorbed 12CO and 13CO gas is
rapid, as concluded by Yates et al [42], and therefore the fraction of 13CO in the gas
phase is the same as that of adsorbed CO.

The rate of 13CO incorporation into the aldehydic group of ethanal follows
from the equations (3) and (5). '
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ks k3 OcH; ks k3 Ocy }
CH313CHO®) = ik [1-e5+ke)t] . y(k—-:-kj [ek5+k)t _o1t] (g)

The incorporation of 13C into the hydroxy-carbon group of ethanol can be
deduced in the same way according to the mechanism of figure 1.

1 H
&3%& = k? ]312(0 (7)

gaﬁ = k3 1313(D) - k7 BIx(1) ®

The solution for Ix(t) is presented in (9) assuming y>>ks+kg, which is valid
because the incorporation of 13C in CO is much faster than that in ethanol as
shown in fig. 3.

ke k3 OcHg [ k7 _(ks+ke)t

= k7t
Pl 0 =Jiksrke) L Ksrkeky © et ] ©)

"% 5+k6 k7
Equation (7) and (9) produce the desired equation (10) for the rate of
appearance of 13C into ethanol.

ke k3 CH3

CH313CH20H(|Z) = k5 +k 6

[1-Kek5+keIt_ (1.x) k7t ] 10)

k7
R

For the analysis of the rate constants according to equation 6 and 10 only the
high reactivity coefficients for ethanal formation are taken into account. The
experimental data of 13C incorporation into ethanol is fitted with formula (10).
The fitted curves are shown in figure 3b. The resulting k-values: ks+kg and ky,
are presented in table 3. At high yresponse times the calculated ethanal curve
becomes a little higher than the measured one (fig. 3b). This can be corrected if
the slow sites for ethanal formation are also taken into account in r5 in equation
(9). However at residence times lower than 750 seconds, the transient data can be
fitted very well. The agreement achieved, supports the mechanism suggested.
The rate parameters determined from these fits are presented in table 3.

The reaction-rate constants k3, ks, kg and k7 as well as the surface
concentration of the reaction intermediates I1 and I can be calculated for both
the rhodium and the vanadium promoted catalyst from a more complete
analysis. Therefore, six independent equations have to be solved. The necessary
information is obtained from the selectivities and turn over numbers from table
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1 and the surface concentration of CHy intermediates that has been estimated
with TPSR. The first two equations are (6) and (10). The other equations can be
solved using the steady state conditions (11-14).

ks ethanal selectivity

ke ~ ethanol selectivity an

k3 ©co OcHx =11 (ks+ke) (12)

I1 ks = TOF selectivity ethanal (13)
Iz k7 = TOF selectivity ethanol (14)

The Turn Over Frequencies from table 1 are used in equation (13) and (14).
The resulting rate parameters for the rhodium and vanadium-promoted
rhodium catalyst are presented in table 3.

Table3. Changes in reaction rates and surface concentrations of C0
intermediates by vanadium promotion at 210 °C.

ksl ksl kel k71 @C,02  ©COH2
Rh 22 5.7 15 0.83 0.003 0.06
RhV 20 0.95 10 12 0.024 0.18
RhV/Rh 0.9 0.17 07 15 72 3.0

1 k is the reaction coefficient in 107 sec’l,
2 Surface concentration 8 is the fraction of the rhodium surface covered.

Residence times of surface intermediates may be affected due to chemical
interaction of C20 or C20H intermediates with the silica support. Especially the
following equilibrium has to be considered:

Si-OH + HOCH,CH3  SiOC;Hs + HpO ‘ (15)

To ensure that the long residence time of ethanol intermediates is not due
to a great buffer of C2OH intermediates adsorbed on the silica carrier, TPD
experiments were carried out. In figure 5 it is shown that most of the
chemisorbed ethanal and ethanol would desorb below 210 °C, the reaction
temperature during steady state experiments. Moreover, during synthesis gas
reaction, the concentration of water is about 3 times greater than that of ethanol,
which shifts the equilibrium of equation 15 to the left. So it is unlikely that long
residence times of ethanol are due to an interaction with. the silica support.
However, it can not be excluded that for ethanal desorption, the unreactive sites
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for ethanal formation are due to an interaction with the silica support, because
some ethanal desorption occurs also at temperatures above 210 °C (see figure 8).

The reaction coefficients for CO insertion from table 3 on the Rh and RhV
catalyst differ by only 10%. CO insertion is fast compared with the
hydrogenation steps and is therefore not rate limiting. This reaction step can be
considered to be in local equilibrium because the reverse reaction, the
decomposition of a CyO intermediate to CO and CHy, is also fast on rhodium
catalysts. This follows from TPD experiments by Davis and Barteau [43]. Co-
adsorption of vanadium makes the CHy fragments a little less reactive for CO
insertion. The enhancement of the CO insertion by oxidic promoters, as
measured in homogeneous catalysis {44,45], is not found for the discussed
heterogeneous RhV system. Our results indicate that the enhancement of
hydroformylation activity as observed for oxidic promoted rhodium catalyst
[53,14] is not due to an enhanced CO insertion, but due to an enhanced
hydrogenation activity and due to the stabilization of oxygenated intermediates.

An increase in the selectivity towards more Cz-oxygenates through oxidic
promotion is not due to an enhanced CO insertion activity, but can be due to a
stabilization of oxygenate intermediates. This shifts the CO insertion
equilibrium to adsorbed oxygenates. Further, oxo-selectivity can be increased
through a decrease in the reactivity of the CHy intermediates towards methane
as discussed before [46]. The stabilization of the C7O intermediates appears from
the increased surface concentration of these surface species through vanadium
promotion. The stabilization of acetate species during synthesis gas reaction, has
been observed with Infra Red spectroscopy [47,48]. However Orita et al [47]
mentioned that not all the observed acetate species are reaction intermediates
because they do not disappear upon hydrogenation. Also Bastein [48] could not
estimate which part of the reaction intermediates reacts towards ethanol or
ethanal. The same, is valid for the FT-IR work of Fukushima et al for acyl species
[15]. In our experiment we only account for those CH3CO species that are true
reaction intermediates because they are calculated from the TOF. For the
mechanism of acetate stabilization, Orita et al [10] showed that one oxygen atom
of the support is needed. In a similar way it can be proposed that vanadium can
act as an oxygen donor, which can increase the number of stabilized oxygenated
intermediates. Also the ionic V-O bonds can influence the metal particles
resulting in a more polar rhodium surface. This can result in stronger adsorbed
oxygen-containing intermediates.

Orita et al [10] suggested that acetate species are located at the support near
the rhodium metal particles. The high surface coverage of oxygenated reaction
intermediates as calculated in table 3, also suggests that at least part of these
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species are not located on the rhodium particles. Especially in the presence of
vanadium, the high surface concentration of oxygenated intermediates suggests
that CH3CO species are possibly located on the vanadium or on the silica support
near the rhodium particles. From the heterogeneity in the residence time of
ethanal intermediates one can speculate that the reactive ethanal species are
located on the rhodium particles while the less reactive ones are slowly
desorbing from the silica support. This was also suggested by Arakawa et al [50]
who noted two different acetate species with in situ IR spectroscopy during
synthesis gas conversion at 50 atm at 260 °C.

Table 3 shows that during the synthesis gas reaction the hydrogenation rate
is increased by vanadium promotion as was also found for cerium oxide
promotion by Kiennemann et al [12], for molybdenum promotion by Jackson et
al [51], and Trunschke et al [54], and for tungsten promotion by Bhore et al [52].
The enhanced hydrogenation activity is more obvious from the separate
hydrogenation experiment of ethanal to ethanol (fig 7a and 7b). From these
figures it appears that the hydrogenation activity is increased by a factor of 9
without changing the activation energy. The enhanced activity seems to be due
to a greater number of active hydrogenation sites. The reaction order upon the
hydrogenation of ethanal to ethanol is slightly negative in ethanal and positive
in the hydrogen pressure, suggesting a stronger adsorption of ethanal than
‘hydrogen. Remarkable is the decrease in the reaction order in hydrogen pressure
from 1.7 to 0.8 through the vanadium promoter. This can be due to stronger
adsorbed hydrogen. This effect is in agreement with effects indicated as 'spillover
hydrogen' as reported in the references [51,52]. Also the selectivity for methane
formation is decreased during ethanal hydrogenation. This effect is due to the
smaller size of rhodium metal ensembles on the RhV system because the
vanadium promoter is on top of the rhodium particles. This decreases the rate of
C-C bond fission, which is known to be dependant on large metal ensembles.
This idea is also confirmed by the reduced activity in hydrogenolysis of ethene
(to methane) through vanadium on this catalyst, as reported in references [38,49].

CONCLUSION

The influence of vanadium promotion on the kinetics of several
elementary reaction steps was studied by a Steady State Isotopic Transient Kinetic
Analysis experiment. On the basis of the literature, a kinetic model based on
elementary reaction steps, is proposed that is in agreement with the transient
data. It appears that the residence time of oxygenated intermediates on the
catalyst surface reacting to ethanal is shorter than that of the intermediates
reacting to ethanol. Vanadium promotion reduces the time of ethanol
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formation, while it enhances the time necessary for ethanal formation. The
reaction coefficient of CO insertion is high compared with hydrogenation rates,
showing that CO insertion is not a rate-limiting step. Vanadium promotion does
not stimulate CO insertion, in the experiment described.

Ethanal formation occurs at least at two different sites. Vanadium

promotion stabilizes oxygenated reaction intermediates on the catalyst surface,
which results in a decrease of the rate of ethanal desorption. The hydrogenation
activity of oxygenated intermediates to ethanol is enhanced by the vanadium
promoter, which can be explained by more strongly adsorbed hydrogen.
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The reactivity of surface carbon from dissociated
carbon monoxide on vanadium promoted
rhodium catalysts.

ABSTRACT

The hydrogenation reactivity of surface carbon deposited by CO
decomposition was investigated for a rhodium and a rhodium-
vanadium catalyst. It appeared that the rate of methanation of reactive
surface carbon is decreased by the vanadium promoter. The reactivity
towards Cp* hydrocarbons is enhanced by this promotion. The relation
between more strongly adsorbed carbon atoms and the formation of
higher hydrocarbons is suggested. Quantum chemical calculations
support the proposal that changes in metal-carbon bond strength have
a significantly larger effect on the rate of methanation than on carbon
chain growth.

This chapter is published in Catalysis Letters, 6, 49 (1990), with co-author Rutger A.
van Santen.
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INTRODUCTION

Adsorbed carbon atoms on group VIII metals are reaction intermediates [1-
6] in the formation of hydrocarbons from synthesis gas. The formation of
carbonaceous intermediates from CO disproportionation on these metals has
been studied previously [7-9]. On rhodium three types of carbon [10-16] can be
produced from CO adsorption at temperatures above 250°C. They can be
distinguished in their hydrogenan‘on temperatures and are referred to as Cq, Cp
and Cy, Reactive Cq species can be hydrogenated to methane even at room
temperature. C is less reactive and can be hydrogenated between 200 and 300°C
to methane. Cy is an unreactive graphitic type of carbon and needs
hydrogenation temperatures above 400 °C.

The reactive Cy species are important intermediates when supported on
rhodium catalysts. They can react towards methane, Cy-intermediates or C;0-
intermediates. The relative reactivity towards methane is one of the factors
determining the maximum selectivity of the catalyst towards other products. In
order to understand the promoting action of oxophilic promoters, it is essential
to study changes in reactivity of adsorbed carbonaceous intermediates. The
influence of vanadium promotion on the reactivity of adsorbed C atoms towards
hydrogenation and carbon-carbon coupling on rhodium based catalysts is studied
in this chapter.

EXPERIMENTAL

A 3% wt. rhodium catalyst was prepared by incipient wetness impregnation
of an aqueous RhCl3 solution on silica (Grace 332, 240 m2/g, PV=1.6 ml/g). The
mean rhodium particle size after reduction is 22 A as concluded from TEM and
CO chemisorption. After drying and reducing the rhodium catalyst at 300°C for
24 hours, vanadium was post impregnated from a solution of NH4VOj3,
(Rh/V=3 mol). This post impregnation did not affect the rhodium particle size.
The vanadium caused a reduction of the CO chemisorption capacity of 50-55%.
This was independent of the reduction temperature between 200 and 450°C. For
further characterization of the catalysts see chapter 2.

Reactive Cq carbon species were created during CO adsorption flowing 10
minutes 55 ml/min of diluted CO with a partial pressure of 0.5% CO in He at 1
atm. over the catalysts. The adsorption temperature was chosen in such a way
that the surface coverage of reactive carbon was the same on the Rh and RhV
catalysts (respectively 390 and 340°C). This was confirmed with Temperature
Programmed Surface Reaction spectroscopy in which 14 percent of the total
methane formation occurred at a temperature below 100°C. After CO adsorption
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the catalyst was quickly cooled in a helium flow to the temperature were the
hydrogenation reactivity was measured.

The hydrogenation rate of the reactive carbon species was studied
isothermally in a flow of 55 mi/min of 8% hydrogen in helium at 1 atmosphere.
All gases were purified with BTS (reduced copper) and molecular sieve. Analysis
was performed with a Quadrupole Mass Spectrometer in which 8 masses could
be detected every second.

The influence of reactive carbon on the synthesis gas reaction was studied
with transient experiments, in a system in which it was possible beside
continually monitoring with a QMS, to store 16 loops of 0.3 ml of reaction gases.
The reaction gas samples were analysed afterwards with a gas chromatograph
(12 meter of a wide bore plot Q column) as shown in figure 1.
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Figure 1. Apparatus for transient response information with time based GC
analysis.

The dead volume of the system was reduced as much as possible to avoid
mixing of the gases. After creating reactive carbon and cooling to 200°C, the flow
over the catalyst was changed to 67% Hj in He or to synthesis gas (Hp/CO=2),
with a flow of 15 ml/min, at atmospheric pressure. During the start of the
reaction 15 loops of the reaction gases were stored and analysed afterwards. In
this way a time based GC experiment could be performed. Such a system is
necessary when a mass spectrometer can not separate all components or when it
is not possible to measure them quantitatively.
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RESULTS

After depositing reactive carbon the hydrogenation activity towards
methane was investigated at different temperatures. After switching to the
diluted hydrogen flow methane product formation was monitored. Assuming a
reaction first order in adsorbed Cg carbon, what is true for low @¢q, and the
hydrogen partial pressure to be constant, the decreasing part of the methanation
curve can be used to determine the reaction rate constant. The k values obtained
in this way from Rh and RhV catalysts are compared in figure 2.
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Figure 2. Hydrogenation reactivity coefficient (k) for the hydrogenation of
reactive Cq surface carbon species, on Rh and RhV catalyst as a
function of the temperature. The same surface coverage of reactive
surface carbon is generated from CO dissociation at temperatures
above 250 °C. k is expressed in sec’l.

The hydrogenation reactivity of the carbon species on the rhodium catalyst
is found to be 7 times higher than that on the vanadium promoted catalyst.

Hydrogenation experiments were also performed at 200°C. The formation
of hydrocarbons from reactive carbon during this hydrogenation was studied
using the time based GC equipment. In figure 3 the initial concentrations of
hydrocarbons are plotted for the Rh and RhV catalyst.
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Figure 3. The maximum concentration of hydrocarbons observed at 200°C
during the hydrogenation of reactive surface carbon generated from
CO, plotted as a function of the carbon chain length.

It is clear that the reactivity of the reactive carbon species towards higher
hydrocarbons is increased by the vanadium promoter. This increased reactivity
can not be due to a higher concentration of reactive carbon species because the
initial ©c, was the same on both catalysts. The increased reactivity is due to a
changed intrinsic reactivity of the adsorbed CHy species or to a changed local
surface concentration. The alpha values deduced from this Schulz-Flory plot are
low and methane is the main product on both catalysts. However, the chance for
recombination of carbon fragments is five times larger on the vanadium
promoted catalyst.

A similar experiment was performed using synthesis gas instead of the
hydrogen helium mixture. The initial formation of hydrocarbons at 200°C
during the start of the synthesis gas, with an initial surface concentration of
reactive carbon species of about 14 percent, is plotted in figure 4.
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Figure 4. The formation of hydrocarbons during the start of a CO[Hy reaction
at 200 °C after deposition of reactive carbon from CO.

From figure 4 it appears that the rate of initial methane formation is about
the same for both catalysts. Again more Cp+ hydrocarbons are produced on the
vanadium-promoted catalyst. This implies that the ‘carbon-carbon bond
formation rate at the same initial surface coverage of carbon species is enhanced
by vanadium promotion. So also during the synthesis gas reaction the higher
intrinsic reactivity of the adsorbed carbon species towards Ca+ hydrocarbons is
shown.
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Figure 5. Propane , butane and pentane formation during the start of a reaction
with synthesis gas on a reduced catalyst and on a catalyst with 14% of
reactive carbon created from CO deposition. a (left): Rhodium.
b (right): Rhodium/vanadium.
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The rates of hydrocarbon formation during the start of a synthesis gas
reaction was compared for catalysts with and without predeposition of reactive
carbon. The results for propane to pentane are given in the figures 5a and b.
Carbon monoxide adsorbed at 200°C on a rhodium catalyst will not produce
reactive carbon on a fully covered rhodium surface. In the presence of hydrogen
the temperature of CO dissociation can be lowered [16-19]. Therefore, even at
200°C, hydrocarbons can be produced from synthesis gas. Also without
predeposition of carbon the initial formation rate of hydrocarbons is higher than
during the steady state reaction that exists after about 30 min. This is due to the
fact that the first CO molecules that adsorb on the rhodium surface can be
relatively easy dissociated since free metal ensembles necessary for this reaction
are present. On a CO covered rhodium surface the amount of free metal
ensembles is lower, and therefore the rate of CO dissociation and hydrocarbon
formation decreases. When @¢y is higher after CO decomposition, more C3 to Cs
species are produced suggesting that hydrocarbons are formed from the reactive
Cq species. When Cy is removed by hydrogenation at 50 °C after CO deposition
at 370 °C and before the CO/H> reaction at 200 °C, no extra Ca* hydrocarbon
formation is observed.

For the RhV system it seems that there is no significant difference between
the hydrocarbon formation with and without predeposition of CO. Apparently,
there is not much difference in the amount of reactive carbon formed at 200°C
during the start of a synthesis gas reaction compared to CO decomposition at
340°C. This implies that also in the abundance of hydrogen the formation of
reactive carbon on rhodium catalysts is enhanced by the vanadium promoter
{201

"~ From the hydrogenation experiments it appears that vanadium promoter
suppresses the reactivity of adsorbed carbon atoms for methanation. This agrees
with the results on Ru of Mori et al [19]. They investigated the rate of
methanation of a pulse of CO in which kco and kcHy could be separately
measured. The ratio of kcH,/kco for a Ru/AlpO3 catalyst was reduced by
vanadium and molybdenum promotion. We also compared the reactivity of CO
on a ruthenium with a vanadium-promoted ruthenium catalyst in a
temperature programmed hydrogenation experiment with adsorbed CO. Only
when vanadium was co-adsorbed Cp* hydrocarbon formation was observed,
indicating a changed selectivity for methanation versus carbon-carbon bond
formation.

The difficult step in the hydrogenation of adsorbed C atoms on metal
particles is likely related to the bond strength of the adsorbed CHy intermediates.
A slower hydrogenation can be expected with a stronger interaction between the
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carbon fragments and the metal surface. This would lead to a higher selectivity
for higher hydrocarbons, if carbon-carbon coupling is less affected. This
suggestion disagrees with an alternative proposed by Meriaudeau et al [21] who
suggested that carbon-carbon bond formation is stimulated by more mobile CHy
fragments on rhodium catalysts, which mobility should be induced by TiO2
promotion.

The relation between more strongly adsorbed carbon atoms and
recombination of carbon fragments was also studied by quantum chemical
calculations using the Atom Superposition Electron Delocalization molecular
orbital theory as described by Anderson [22,23]. The ASED method is a semi
empirical method, based on Extended Huckel calculation to which a repulsion
term is added [24]. Calculations on a 40 atom cluster simulating the (111) surface
of an f.c.c. crystal indicate that the activation energy for carbon-carbon coupling is
rather insensitive to the metal-carbon bond strength. The influence of the metal-
carbon bond strength was simulated by varying the number of valence electrons
per metal atom. Table 1 shows the results for the maximal M-CHy bond strength
for different surface carbon fragments, at their favoured adsorption sites, relative
to the free metal and CHy radicals.

Table1. Adsorption energies in e.V. of CHx fragments on Ru, Rh and Pd on a
f.c.c.(111) metal clusters of 40 atoms as calculated with the ‘ASED

method.
Particle Ru Rh Pd
CH3 2.70 -2.58 227
CH» -4.07 -3.77 -2.93
CH -5.64 -5.45 -4.46
C -5.51 -5.47 -4.47

The metal-carbon bond strength decreases going from Ru to Rh to Pd. This
result is in agreement with the LCAO calculations of Feibelman [25]. The
influence of the metal-carbon bond strength on the recombination of surface
CHy species was studied by comparing the activation energy for carbon-carbon
bond formation on the different metals. The reaction path studied was the
recombination of a carbon atom adsorbed on three metal atoms with a moving
CHj fragment as is shown in figure 4 of chapter 5. The potential energy as a
function of the carbon-carbon distance projected on the metal surface, is shown
in figure 6.
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Figure 6. Potential energy during the formation of a carbon-carbon bond on an
fc.c(111) surface, as a function of the reaction coordinate. The d-band
occupation of the metal was varied, while the metal structure and
parameters of Ru, Rh and Pd were taken identical.

For palladium the reaction is more exothermic than on rhodium and
ruthenium. The created vinylidene species is bonded with one carbon atom to a
palladium surface in a on top position, while it is bended in a tilted position
bonded with two carbon atoms to the a ruthenium surface as indicated by the
small dip in the ruthenium curve at a projected C-C distance of 1.3 A.

Whereas the metal-carbon bond strength decreases in order Ru > Rh > Pd,
the activation energy for carbon-carbon bond formation is not much changed.
However, the rate of methane formation from adsorbed carbon fragments,
where the metal-carbon bond must be broken, is dependent on the metal-carbon
interaction, resulting in a decreased methanation rate at a high M-C interaction.
Therefore, a strong metal-carbon interaction favours the carbon chain growth
versus methane formation. Experimentally it is found [26,27] that the selectivity
for Cz* hydrocarbons in synthesis gas conversion reaction decreases from Ru to
Pd. So the higher activity of Ru than Rh and Pd in the Fischer-Tropsch reaction
is not only due to an enhanced activity in CO dissociation but also due to a
changed intrinsic activity for carbon-carbon bond formation versus
methanation. At a higher carbon adsorption energy the mean residence time of
CHy fragments is increased that makes the chance for C-C bond formation
greater. The discussed favourable chain growth at strong M-C interaction is only
valid in a selected range of metal-carbon bond strength. If the interaction of
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carbon atoms with the metal surface is too large (as with tungsten), stable
carbides can be formed what leads to a strongly reduced catalytic activity in both
reactions.

CONCLUSION

Vanadium promotion reduces the rate of methane formation upon
hydrogenation of surface carbon on rhodium catalysts due to an enhanced
metal-carbon interaction. This effect is accompanied with a higher chain growth
probability. Quantum chemical calculations indicate that at a higher metal
carbon bond strength the activation energy for methane formation is decreased
while the activation energy for carbon-carbon bond formation is much less
affected.
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The reaction path for recombination of surface
CHyx species.

ABSTRACT

Using the semi-empirical quantum-chemical calculations the
reaction path for carbon-carbon bond formation has been studied on a
Rhyp cluster simulating an f.c.c. (111) surface. Highly hydrogenated
surface carbon fragments are found to have high activation energies
for recombination. This is due to repulsion between the hydrogen:
atoms. The lowest activation energy was found for the recombination
of a three fold bonded carbon atom with a CHy species, to form a
vinylidene surface species. Experimental results are presented,
obtained on silica supported Rh, Co and Ru catalysts, which confirm
that carbon-carbon bond formation is favourable from CHy fragments
in which the average value of x is about one.

Comparing the reaction for carbon-carbon bond formation on
metal clusters simulating ruthenium, rhodium and palladium
surfaces, it appeared that the activation energy for carbon-carbon bond
formation is rather insensitive for the metal-carbon bond strength.
This is not true for methanation of surface carbon atoms, in which the
metal-carbon bond has to be broken. This indicates that carbon chain
growth is favourable at high metal-carbon interaction, within the
discussed range.

This chapter is published in Journal of Molecular Catalysis, 70, 119 {1991), with co-
author Rutger A. van Santen,
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INTRODUCTION

Adsorbed carbon atoms on group VIII metals are important reaction
intermediates in the formation of hydrocarbons from synthesis gas [1-6]. The
formation of carbonaceous intermediates from CO dissociation on these metals
has been studied extensively [7-9]. On rhodium different types of carbon can be
produced from CO adsorption at temperatures above 250°C, as has been shown
on practical catalysts [10-14], single crystals [15-17] and from quantum chemical
studies [18-21]. Recent experiments in our laboratory [22] show that similar
carbon surface species can be created from methane decomposition at
temperatures between 200 and 600 °C. Three different types of carbonaceous
intermediates, distinguishable by their hydrogenation reactivity, can be
generated by methane decomposition on reduced supported transition-metal
catalysts. Three-fold bonded carbidic surface species such as Ni3C for nickel [23]
have been suggested as the most reactive one for the formation of methane as
well as for the recombination of surface carbon fragments [24]. Therefore, this
study will concentrate on reactive isolated surface carbon atoms and CHy species,
for the hydrogenation to methane and the formation of a carbon-carbon bond.

Recombination of these carbonaceous species is one of the important
reaction steps in Fischer-Tropsch synthesis. Of interest, to the mechanism of
carbon-carbon bond formation, is the extent to which carbon fragments are
hydrogenated. We will present results of an experimental investigation to
determine the value of x of the recombinating CHy surface fragments. We
explored the possibility to create surface CHy fragments with a known value of x
by methane decomposition. Subsequently, carbon-carbon bond formation can be
initiated upon hydrogenation of the carbonaceous surface species [22]. First, we
will discuss the quantum theoretical results concerning the reaction path and
geometry of the recombination of surface CHy species.

Theoretical studies of interactions of adsorbates with surfaces are subjects of
an increasing interest. Here we use the Atom Superposition and Electron
Delocalization (ASED) method as introduced by Anderson [27,28] to study the
reaction path of elementary reaction steps on metal surfaces. The ASED program
is based on the Extended Hiickel method [25,26] to which an electron repulsion
term is added. Whereas absolute values of calculated adsorption energies of
surface fragments have to be treated carefully, it can be useful for a qualitative
prediction of electronic trends, geometry of adsorbates and the reaction paths of
surface reactions [29]. Currently semi-empirical methods as the ASED method,
are the only ones that can be used to study chemical reactivity problems as
considered here. Ab initio calculations are still limited to small systems [30,40].
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However, a large metal-ensemble of metal atoms, with proper first coordination
shells, has to be applied. Also many different reaction paths have to be probed.

The calculations are performed on a rhodium 40 cluster with 29 atoms in
the top layer and 11 atoms in the second layer, simulating an f.c.c. (111) surface.
Ruthenium and palladium surfaces are simulated from the rhodium surface by
respectively adding and subtracting one electron per rhodium atom. Comparing
results in this way one can study in isolation the effect of changes in d-orbital
occupation, while structure and electron energy parameters remain unchanged.

The implications for carbon-carbon bond formation as found with the
ASED calculations will be compared with results obtained from practical model
experiments on silica-supported Co, Ru and Rh catalysts.

RESULTS AND DISCUSSION

In a previous study de Koster et al [31] showed that CHy fragments when
interacting strongly with d-valence electrons, optimize hybridization of the s, p
carbon electrons, by choosing different adsorption sites when x varies. On the
Rh(111) surface a CH3 fragment will adsorb preferentially on top of a Rh atom,
CHj adsorbs bridge on two Rh atoms and CH and C will adsorb coordinated to
three Rh atoms in a three fold position. However, Yang et al and Siegbahn et al
found that CHj surface species can be bonded to more than one nickel atom
[31a31b].

The adsorption energies for the carbon fragments on their favourable
adsorption sites used in this study are presented in table 1. The distance z above
the surface is the position with a minimized energy.

Table 1. Adsorption energies (in eV.) of surface species on Ru, Rh and Pd4¢(111)
surface. Adsorption energies are calculated with respect to the free

radicals
Particle Position z(A) Ru Rh Pd
CHj 1-fold 2.1 -2.70 -2.58 -2.27
CH, 2-fold 15 -4.07 377 2.93
CH 3-fold 1.3 -5.64 -5.45 -4.46
C 3-fold 1.2 -5.51 -5.47 -4.47
H 1-fold 1.8 -3.89 -3.60 -3.21
O 3-fold 14 -2.46 -2.38 -1.65
] 1-fold 14 -6.83 -6.35 -5.08
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As also observed by Feibelman [32] and Darling et al [33], the adsorption
energy of carbon fragments is decreasing at increasing d-valence occupation. This
is due to the filling of anti-bonding orbitals of the metal-adsorbate intermediate,
resulting in a decrease of the metal-carbon bond strength. Highly hydrogenated
CHy fragments are supposed to be more mobile due to a decreased metal-
adsorbate interaction (see Table 1). Therefore, one has initially been concentrated
on the recombination of those CHy species in which x is 2 or 3. Zheng e.a. [34]
studied C-C bond formation between two adsorbed CHj3 radicals on a Co(0001)
surface according to the mechanism in fig. 1. No reaction path with an acceptable

low activation energy was found.
N1

\C_ Cl

Figure 1. Reaction path of the recombination of two CH3 radicals as considered
by Zheng [34].

De Koster and van Santen [31] studied the co-adsorption of a CH3 and a CHy
fragment on different sites with a C-C distance of 1.55 A. Again no C-C bond
formation was found to occur. ' '

We have analysed the co-adsorption of a CH3 fragment adsorbed on top of a
Rh atom together with a CH fragment in a two fold or three fold site, with a C-C
distance of respectively 1.34 and 1.55 A. A significant repulsion between the two
fragments occurs. This repulsion can be decreased by 'bending’ the hydrogen
atom of the CH fragment away from the CHj fragment according to fig. 2a, or by
'straining’ two hydrogen atoms of the CHj3 fragment (see fig. 2b)."

Figure 2.  Schematic presentation of distortion of hydrogen atoms in CHy
species. a. Bending of CH.  b. Straining in @ CH3 fragment.

The adsorption energy as a function of the distortion angle, as schematically
drawn in the figures 2a and 2b, are shown in the figures 3a and 3b respectively.
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Figure 3. Adsorption energy of @ CH3 and CH fragment at a distance of 1.55 A
according to the geometry of the figures 2a and 2b as a function of the
hydrogen distortion angle. a (left): bending b (right): stretching.

The bending of hydrogen atoms to more unfavourable positions for the
loosely adsorbed fragments, decreases the total adsorption energy drastically. The
energy gain is caused by a loss of steric repulsion of the hydrogen atoms.
However still a large activation energy barrier for carbon-carbon bond formation
remains, due to steric hindrance of hydrogen atoms. Therefore it is of interest to
study also the recombination of carbon fragments without hydrogen atoms as
the Rh3C carbon atom.

The three fold bonded C atom
is sp® hybridized and has one
dangling bond available for the
formation of a carbon bond with a
moving fragment. Different CHy
species were moved to the carbidic
carbon atom according to two

different reaction paths (see figure Figure 4.  Reaction paths studied for
C-C  recombination involving a

4). surface carbidic atom (black). Only 7

surface metal atoms are shown.

According to the reaction path 1, an adsorbed CHy fragment approaches the
carbon atom along a one-fold bonded (on top) position, while in reaction path 2
the approaching fragment has a two-fold bonded intermediate. The position of
the CHy fragment was changed in ten steps along the drawn line of the reaction
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path. At each position the height above the rhodium surface was changed in
steps of 0.2 A.

In figure 5 the computed potential energy surface plots are drawn as a
function of the position of a moving CH3 and CH fragment in the plain
perpendicular to the Rh surface according to reaction path 1.
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Figure 5. Adsorption energy of the moving surface species as a function of the
position of the moving fragment in the plain perpendicular to the
Rh surface along reaction path 1.  a (left): Recombination of C and
CHj3. b (right): Recombination of C and CH..

The height of the saddle-point in figure 5, relative to the initial adsorption
energy determines the activation energy for C-C recombination. In table 2 the
activation energies are collected for the recombination of different CHy
fragments with a three fold bonded carbon atom according to the reaction path 1
and 2 from fig. 4.

Table 2 shows that the affinity for recombination of a partially
hydrogenated carbon fragment with a carbon atom increases with the decreasing
activation energy according to CH3 (1.98 eV) <CH (1.75eV)) < C (163 eV) <
CH2 (0.98 e.V.).  Most of the proposed reaction mechanisms are a little
exothermic. The subsequent hydrogenation steps become less exothermic when
more hydrogen atoms are added to the C2 fragment. The activation energy for
methanation can be considered proportional to the metal-carbon bond strength
[41], because this bonding has to be broken.
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Table 2. Energy barriers for carbon-carbon bond formation with different
moving surface CHy fragments.

Path Specnes 1 Estart 2 Eintm: 3 Eend 4 Eads 5 Eacﬂ 6 Eaé{z 7
1 CHj -7.86 -6.07 -8.23 -8.05 1.79 1.98
CHz -8.71 -8.26 -9.3 -9.24 0.45 0.98
CH -10.24 -8.82 -104 -10.92 142 2.1
C -10.5 <931 -9.8 -10.94 1.19 1.63
H ~9.38 -862 -10.95 -9.61 0.76 0.99
co -7.83 -6.5 -7.52 -7.85 133 1.35
2 CHs <78  r* -8.23 -B.05 wx** i
CH -8.74 -8.19 -9.29 -9.24 0.55 1.05
CH -10.24 -9.17  -104 -10.92 1.07 1.75
C -9.76 913 -105 -10.94 0.63 1.81
H -9.47 -849 -10.94 -9.61 0.98 1.12
O -7.83 -6.14 -7.54 -7.85 1.69 1.71

1: Moving Species towards C atom.

2: Adsorption energies of surface fragments in start position: moving species 1-fold.
3: Adsorption energy of activated complex.

4: Adsorption energy after C-C bond formation.

5: Adsorption energy of loose adsorbed species and C atom in favoured adsorption state.

6: Activation energy with respect to the start energies.

7: Activation energy taking the loose surface fragments from table 1 as start energy.

w2 CHj fragment will desorb.

The reaction path for carbon-carbon bond formation with the lowest
activation energy found is the recombination the three-fold bonded surface
carbon atom with a moving CH> fragment forming a vinylidene surface species.
The importance of the CHj fragment in relation to the formation of a carbon-
carbon bond on heterogeneous catalysts, has been previous proposed by Petit and
Brady [42,43] and by Tanaka [44] as well as on homogeneous systems [45,46]. Also
it has been demonstrated that vinylidene metal complexes can act as reactive
intermediates on ruthenium, by Trost et al [36]. The presence of methylene
intermediates on metal surfaces has been demonstrated on ruthenium by
George et al [47] and on iron by Chang et al [48]. This indicates that the found
reaction path from quantum chemical calculations is in agreement with practical

observations.
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As demonstrated in chapter 4 (Fig. 6) the activation energy for carbon-
carbon bond formation is only weakly dependent on the d-valence band
occupation, and is not sensitive to the strength of the metal-carbon interaction.
However the activation energy for methane formation from CHy fragments
increases with increasing metal-carbon bond strength. This leads to the
conclusion that chaingrowth propagation is favourable at not too low metal-
carbon bond interactions. This result is in disagreement with Shustorovich's
'‘Bond Order Conservation' principle [35,41] deduced from empirical rules of
Polanyi [41b]. According to this theory more strongly adsorbed surface carbon
must is reactive for .carbon-carbon bond formation.

‘The reaction intermediate in the formation of a carbon-carbon bond has
been analysed on a rhodium cluster of 10 atoms from changes in electronic
densities. The change in electronic density of the reaction intermediate relative
to the single carbon atom, the CH; fragment and metal cluster is calculated. Fig. 6
shows the electronic density difference in a plane through the two carbon atoms
perpendicular to the rhodium surface.

Figure 6. Changes in electron density of the activated complex of a C and CH;
fragment adsorbed on a Rhyg cluster, during recombination, relative to
the loose fragments. The dotted line connects points with equal
electron density loss; the solid line connects points with the same
electron density increase.

The moving CHy fragment shows an increase of electronic density in its
Pxy orbitals, which are used to initiate C-C bonding. However, the metal-carbon
bond of the CH, fragment is mainly formed from carbon p; and s orbitals.
Therefore it is proposed that different orbitals are involved in carbon-carbon
bond formation and methane formation from carbon surface species. This
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partially explains why the activation energy for C-C bond formation changes less
than that for methane formation when the metal carbon bond strength

increases.

CHy species with a known average value of x can be deposited by a
controlled methane decomposition [22]. Methane was decomposed from a flow
of 40 ml/min of 1.8% CHy in helium, on a reduced transition-metal catalyst
between 200 and 600 °C during 90 seconds. The fraction of methane adsorbed as
well as the amount of hydrogen produced were measured with a quadrupole
mass spectrometer. This enabled calculation of the average value of x. The
average value of x in the CHx fragments is a function of the adsorption
temperature as shown in figure 7.
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Figure 7. Extent to which methane is decomposed as a function of the
methane adsorption temperature on some silica-supported metal
catalysts.

Fig. 7 shows that at a higher temperature methane species are decomposed
to a larger extent. The calculated effective x values at low temperature (< 200 °C)
may be too high due to hydrogen that remains adsorbed on the catalyst surface.
In chapter 6 it will be demonstrated that these surface CHy fragments from CHy
decomposition can be recombined and hydrogenated to Cz* hydrocarbons. The
optimum hydrogenation temperature for this process is 95 °C. Here we compare
the relative amount of Ca* hydrocarbon formation, from surface CHy fragments
with different effective values of x (see Fig. 8).
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Figure 8. Amount of C2+ hydrocarbons formed upon hydrogenation at 95 °C,
as a function of the extent of dehydrogenation of the surface CHy
species generated from methane decomposition.

Figure 8 shows that carbon-carbon bond formation is favourable when the
surface fragments are largely dehydrogenated. The optimum average value for
the CHy species found in this way is 1 to 1.5. This measured low hydrogen
content of the recombinating CHy fragments is in agreement with that obtained
from the quantum chemical :calculations. Also Van Barneveld and Ponec [37,37b}
suggested this from the incorporation of CHy fragments generated from the
decomposition of different chloro substituted methanes, upon synthesis gas
conversion. The order of enhancement of carbon chain-growth was CHCl3 >
CH,Cl2 >> CH3Cl, suggesting that carbon-carbon bond formation preferentially
occurs from dehydrogenated carbon fragments.

The ASED calculations predict that the performance for carbon-carbon bond
formation versus methanation increases with increasing metal-carbon bond
strength. This has implications for both the metal as well as the recombinating
surface species. For the surface species, the highly dehydrogenated species have a
stronger metal-carbon interaction (see table 1), and therefore a higher chance for
carbon-carbon bond formation. For the group VIII metals, a decreased d-orbital
occupation will lead to a large metal-adsorbate interaction due to a decreased
filling of anti-binding orbitals. The increased metal-carbon interaction is
expected to result in a higher selectivity for chaingrowth. It can partially explain
the larger selectivity for higher hydrocarbon formation on ruthenium compared
to that of rhodium or palladium in synthesié gas conversion.
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CONCLUSIONS

the predicted trends from ASED calculations on carbon-carbon bond
formation, are in good agreement with experimental findings. Carbon-carbon
bond formation needs highly dehydrogenated surface CHy species as reaction
intermediates. Surface CHy species with a large number (2 or 3) of hydrogen
atoms, have high activation energies for carbon-carbon bond formation through
repulsion between the hydrogen atoms. A high metal-carbon bond strength is
favourable for chaingrowth versus methane formation. However, when the
metal-carbon interaction becomes too high, stable carbides can be formed that are
not easily hydrogenated. Surface carbon fragments with only few hydrogen
atoms have a relatively large metal-carbon interaction, which increases the
selectivity for C* hydrocarbon formation.

APPENDIX
Atomic parameters used in the ASED program: principal quantum number

(n), ionization potential (V.S.L.P.), orbital exponents ({) and respective
coefficients (Cj) - only used for d-orbitals.

s - electrons p -electrons
Atom n VSIP 4 n VSIP {

H1 1 i3.6 1.200

H2 1 75 1.200

C 2 20.00 1.658 2 11.26 1.618
O 2 2848 2246 2 13.62 2.227
Rh 5 8.09 2.135 5 457 2.100

d -electrons
n VSIP G C1 &2 G

Rh 4 12.50 4290 0.5807 197 0.5685

1 Used for hydrogen atoms in CHy [31,38].
2 Used for adsorbed hydrogen on the metal surface [39].
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Hydrocarbon formation from methane by a low
temperature two step reaction sequence.

ABSTRACT

At atmospheric pressure thermodynamics limit the direct
conversion of methane to higher hydrocarbons to temperatures above
1200 K. Converting methane at lower temperatures requires at least
two different steps occurring at different conditions. Here we report
such a low temperature conversion route towards ethane, propane,
butane and pentane without using oxygen. The overall reaction
consists of two steps. Methane is dissociatively adsorbed on a group
VIHI transition-metal catalyst at a temperature between 300 and 600 °C
resulting in surface carbonaceous species and hydrogen. In the second
step the carbonaceous intermediates produce small alkanes upon
hydrogenation around 100 °C. The maximum yield to ChH2n4+2 (n>1)
obtained on a Ru catalyst is 13%.

Parts of this chapter have been or will be published: J. Chem. Soc., Chem. Comm., 1991,
1281, with co-author Rutger A. van Santen and J. Cafal., accepted, with co-authors
Marc J.A.G. Deelen and Rutger A. van Santen.
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INTRODUCTION

One of the intriguing problems in heterogeneous catalysis is the direct
conversion of methane into other useful products. Methane activation is
- difficult because methane is a thermodynamic stable product with a noble gas
like configuration. The strong tetrahedral C-H bonds (435 kJ/mol [1]) offer no
magnetic moments or polar distortions to facilitate chemical attack. This makes
methane less reactive than nearly all products of its conversion. Especially, in
the selective oxidation of methane {2] this limits methane conversion to occur at
low conversion level to maintain reasonable selectivity. Current practice to
convert natural gas into higher hydrocarbons proceeds by the indirect route in
which natural gas is first converted to synthesis gas at a high temperature [3].
Subsequently, hydrocarbons can be produced in a low temperature exothermic
process from synthesis gas, either by Fischer-Tropsch synthesis [4,5] or via
methanol and the Methanol To Gasoline process [6]. Direct methane conversion,
like pyrolysis to acetylene and benzene [7], can only operate at temperatures
above 1200 K [8,9]. At those very high temperatures graphite is much more stable
than any hydrocarbon. Oxidative coupling of methane to ethene has been
proposed as an alternative route [10-14]. This reaction can result in Cz+
hydrocarbon yields up to 25% when performed at temperatures around 1100 K.
To increase the catalyst lifetime and the selectivity for ethene, there is need for
lower reaction temperatures {15,16].

A process to convert methane in several steps but all occurring at lower
temperatures might have potential advantages. Of interest are recent
experiments demonstrating that hydrocarbon formation is possible at low
temperature, once methane is activated. Kazanski and co-workers [17] activated
methane on a molybdenum catalyst by photo chemisorption at pressures
between 0.4-50 torr at room temperature. Upon desorption in vacuum, ethene,
ethane and propane were detected. Ceyer and co-workers (18] decomposed pre-
adsorbed methane on a Ni(111) single crystal surface by a krypton bombardment
at 47 K under ultra high vacuum conditions (P=5.10-6 torr). These authors
reported the selective desorption of benzene around 250 °C, formed from surface
carbon fragments from methane. Tanaka et al [19] created surface CHy fragments
by dissociative methane adsorption around 430 °C on cobalt catalyst. They
succeeded in creating small amounts of ethene during hydrogenation and
suggested that adsorbed CH, species are the precursor for ethene formation.

Here we report the formation of Cj to Cg alkanes from methane at
atmospheric conditions in a two step route in which methane is thermally
activated. At a temperature between 450 and 800 K methane is decomposed by a
reduced group VIII metal catalyst into hydrogen and adsorbed surface
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carbonaceous species (1). In a second reaction step a particular surface
carbonaceous intermediate produces hydrocarbons upon hydrogenation at 300-
400 K (2). '

2CHy + 6M - 2M3C + 4Hy (1) V M = zero-valent transition metal
2M3C + 3Hy— GHg + 6M () :

+
2CHy — CoHg + Ha 3) AG®1000 K) = 71.0 k] /mol
Thermodynamics.

The conversion of methane into ethane and hydrogen is
thermodynamically not allowed in one reaction step [20], due to the positive
change in Gibbs free energy. Therefore the introduction of oxidants like Oz or Cly
has been used to convert the liberated hydrogen into HyO or HCL This lowers
the change in Gibbs free energy to respectively -121.6 and -130.6 k]/mol. A
different approach is to split the overall reaction (3) into two reaction steps
occurring at different conditions. In such a two step procedure the
thermodynamic limitation can be circumvented as illustrated in fig. 1. This is
shown for the case that the reaction sequence involves formation of bulk cobalt
carbide as intermediate.

[+]

AG [kJ/mol]

Temperature 4 N

gap

73 273 473 673 873
Temperature [ K]

Figure 1. Standard Gibbs free energy as a function of the temperature for the
decomposition of methane on cobalt and the hydrogenation of cobalt

carbide to ethane.
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The decomposition of methane on cobalt forming bulk cobalt carbide is
endothermic while the change in entropy is negative. This reaction is ‘only
possible at temperatures above 632 K at standard ccncenfrations and pressures.
~ The hydrogenation of bulk cobalt carbide to form ethane is exothermic and the
change in entropy is negative. Therefore this reaction is favoured at low
temperatures and can only occur below 347 K. There is no common temperature
at which both reaction steps (1) and (2) can occur, so the temperature gap of 283 K
is a thermodynamic stipulation. This temperature gap can be decreased by
increasing the methane pressure during adsorption, increasing the hydrogen
pressure in the second step and by working at low conversion level.

The heat of formation of surface carbides is normally higher than that of
bulk carbides. This will shift the lines in figure 1 to a lower temperature. The
temperature where the change in Gibbs free energy is negative depends on the
heat of formation of the surface carbides. For a negative Gibbs free energy the
reaction temperature should be above the equilibrium temperature for step 1,
while it should be under the equilibrium temperature for step 2, as shown in
figure 2.

*

Temperature [ K ]

-50 -40 -3 -20 -10 0 10 -
Heat of formation of M-C bond [ kJ/mol ]

Figure 2.  Equilibrium temperatures for methane decomposition into surface
carbides (dashed line) and hydrogenation of surface carbide to ethane
(straight line) as a function of the metal carbon bond strength. The
gray areas show the regions were reaction is possible. The

equilibrium temperatures are calculated according to Teq=AH®[AS®.
- AH? and AS® are taken of the gas phase products at 298 K.

The metal-carbon bond interaction determines the working temperature
areas for each metal catalyst and should be roughly between -60 and 20 kJ/mol.
The heat of formation of surface carbide is estimated by Shustorovich [21] for
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some transition metals. For iron the metal carbon bond is about -117 kJ/mol that
is too high (see fig. 2), for copper the metal carbon bond relative to graphite is 53
" kJ/mol that is too low. Nickel (4 k]/mol) and cobalt (around 50 kJ/mol) have
intermediate values and have in principle capabilities for performing the
desired reaction sequence. Of course catalyst morphology, type of surface carbon
as well as promoters can influence the metal carbon bond strength, and are
therefore important parameters.

Instead of working in a temperature cycle it is also possible to perform the
reaction isothermally and work in a pressure swing as recently indicated by
Belgued et al [22]. These authors decomposed methane on a ruthenium and
platinum catalyst into adsorbed surface CHy fragments and hydrogen and
subsequently, they hydrogenated those fragments in a pure hydrogen flow in
which Ca+ hydrocarbons were detected up to C7. They were able to perform up to
90 cycles per hour. However to overcome the AG® of 71 kJ/mol one is limited to
very low product concentrations, as shown in fig. 3. The pressure equilibrium
constants are given by equations 4 and 5.

2
(E HZ) = ex [-AGosml] @
= &PLTRT
PcH,
CH6 "AGOS 2] .
PCH, = exp | —ma=pt 5
pn,)? pl RT
—eeiC +3 Hy » C,H,
10 ——CH_>C+2 15 - v
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Figure 3. The ratio of the equilibrium partial pressures as a function of the
temperature. Left: the decomposition of methane. Right: the
formation of ethane. The plots are calculated for graphite and bulk
cobalt carbide with equation 4 and 5.
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The equilibrium pressure constants in fig. 3 determine the maximum
concentration of gaéeous products in the two reaction steps. This means for
example that at 400 K the maximum methane conversion into graphite and
- hydrogen is 4106,

Dissociative methane chemisorption.

Methane decomposition on transition metal surfaces is an activated process
and the activation energies found vary from 25 to 60 kJ/mol [23-30]. These .
activation energies are quite low compared to those of e.g. CO dissociation, while
the temperatures at which methane decomposition occurs with a useful yield is
normally higher then that for CO that has a higher activation energy. This is due
to the very low sticking coefficient for dissociative methane adsorption. The
mechanism of dissociative methane adsorption is not fully understood. From
surface science studies on platinum [31], it appeared that the surface temperature
does not influence the methane sticking coefficient. Molecular beam studies
showed that high methane translation energies perpendicular to a metal surface
enhance the methane dissociation probability greatly [31,32]. Also increased
internal vibrations were shown to enhance the methane sticking probability
[27,28]. The mechanism for methane dissociation may involve quantum
tunnelling of a proton as the rate determining step [31-33]. The large isotope
effect for CDy is consistent with this mechanism [34,37]. Beckerle at al [25]
proposed a mechanism which they called "chemistry with a hammer". In this
mechanism adsorbed methane molecules are activated at low temperature by
collisions with other particles. It implies that the total pressure is important.
Trevor et al [35] studied methane decomposition on Pt metal clusters of different
size and concluded that the methane decomposition rate is highest at clusters of
2 - 5 atoms. One metal atom is not able to dissociate CHy, while in bigger clusters
(>6 atoms) the platinum atoms have higher coordination, reducing the CHy
decomposition rate. This agrees with results of Kuijpers et al [36] on silica-
supported nickel catalysts. They showed that methane decomposition is most
efficient on small nickel particles.
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EXPERIMENTAL
Catalyst.

Transition-metal catalysts were prepared by incipient wetness impregnation
of preshaped silica (Grace 332, surface area=300 m?/g, mesh size=100, pore
volume=1.6 ml/g) with an aqueous solution of the metal nitrates or chlorides.
The catalysts were dried at 110 °C. The ruthenium catalyst was prepared from
RuCl3 and was treated after drying in a Hp/CO flow for 30 min at 250 °C to
increase its CO chemisorption capacity. The catalysts were characterized with
Transmission Electron Microscopy and CO chemisorption.

Method.

The reactions were performed in a micro flow reactor that consisted of a
quartz tube with an internal diameter of 10 mm. For each experiment 300 mg of
the catalyst was placed in the reactor and was reduced in situ between 350-550 °C
in a diluted hydrogen flow. Methane decomposition was performed from a flow
of 45 ml/min of diluted methane. Typically, a pulse of 3 minutes of 0.5 %
methane in helium was given at 450 °C. The diluted methane flow contained no
detectable amounts of ethane or other hydrocarbon impurities (less than 0.5
ppm). After methane decomposition, the catalyst was cooled in 100 seconds
below 200 °C to avoid 'ageing’ of the surface carbon species. After cooling, surface
carbon was hydrogenated to higher hydrocarbons in a flow of 22.4 mi/min of
hydrogen at 1 atm. around 100 °C. The surface carbon created from methane was
characterized with a Temperature Programmed Surface Reaction (TPSR) in a
flow of 22.4 ml/min of 8% hydrogen in helium. Product analysis was performed
on line with a quadrupole mass spectrometer (type: PGA 100 from Leybold) or
with a gas chromatograph (CP 9000 from Chrompack) using a widebore column
(plot Q) of 25 meters isothermal at 220 °C at an inlet pressure of 100 kpa. With
the GC system every 20 sec. a sample could be taken, which analyzed the
hydrocar-bons C; to Cs.

RESULTS AND DISCUSSION

Methane decomposition.

The activity for methane decomposition into adsorbed surface
carbonaceous species and hydrogen, was studied for a silica-supported
ruthenium, rhodium and cobalt catalyst, as a function of the temperature (see
fig. 4).
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Figure 4. Left: Fraction of methane adsorbed from a methane pulse of 3 min.
of 0.5% CHy in He as a function of the temperature on a 5%Ru, 3%Rh
and 10%Co catalyst. Right: Arrhenius plot of the hydrogen
production.

Already at 100 °C a small amount of methane is adsorbed as was also
observed by Kuijpers et al on nickel catalysts [29]. At that low temperature no
hydrogen desorption takes place. Above 300 °C the sticking coefficient for
methane chemisorption increases. The activation energies can be calculated
from the amount methane adsorbed as well as from hydrogen produced as a
function of the temperature (fig. 4b). The activation energy is 26 kJ/mol for
ruthenium, 31 kJ/mol for rhodium and 42 kj/mol for the cobalt catalyst in the
temperature range 350-500 °C. The ratio of hydrogen produced to methane
adsorbed is 1.4 to 1.7 at temperatures between 400 and 500 °C, indicating that the
adsorbed carbon species can contain hydrogen atoms, or that not all hydrogen
desorbs from the catalyst. The methane decomposition rate appeared strongly
dependent on the carbon surface coverage. Increasing the carbon coverage from 0
to 0.5 drastically decreased the rate of methane dissociation. Our measurements
support the observation that small metal particles are favourable for methane
decomposition [35,36].

For the reduced transition metals studied the order of methane activation
is Co, Ru, Ni, Rh > Pt, Re, Ir > Pd, Cu, W, Fe, Mo. This corresponds with the
order of activity for the methane deuterium exchange reaction [37,38]. According
to the Bond Order Conservation principle [39,21] the activation energy for
methane decomposition is expected to be lower for metals with stronger M-C
bonds. So, for metals in the same row of the periodic table it is expected that the
order for methane decomposition is Fe>Co>Ni>Cu. However the results
presented show an optimum at nickel and cobalt. This indicates that the
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~activation energy also depends on the surface metal-metal bond strength as
predicted by the modified Bond Order Conservation principle [40].

Similar as with dissociative CO adsorption [41,42], CHs decomposition on
reduced transition metals around 450 °C results in different surface carbonace-
ous surface species. They are distinguishable by their hydrogenation reactivity as
is shown in the temperature programmed surface reaction plot of figure 5.
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Figure 5. Temperature programmed hydrogenation of surface carbon species
created by methane decomposition on a 3 wt.% silica supported
rhodium catalyst at 400 °C.

A very reactive surface carbon species generated from CHy decomposition
can be hydrogenated at 50 °C or even below room temperature to methane. This
surface carbonaceous intermediate is called Cg. It has been identified with
surface characterization techniques like AES and SIMS on foils and single
crystals as a carbidic type of carbon [44-46,32]. Bell and co-workers [47-50] studied
the nature of various carbon species with NMR on a silica supported ruthenium
catalyst. They showed that the Cy phase has only metal atoms in its first
coordination shell [47]. The presence of subsurface carbon can not be excluded.
Our quantum chemical calculations indicate that such carbidic carbon atoms are
adsorbed in hollow sites, being bounded to three or more surface metal atoms
[52,53]. The Cy phase has been studied previously when generated from CO [54-
57], and is responsible for higher hydrocarbon formation [58,59]. The mechanism
of higher hydrocarbon formation from surface carbon from methane follows a
Schulz-Flory like distribution (see fig. 9).
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A less reactive surface species (Cp) can be hydrogenated between 100 and 300
°C. During the hydrogenation of Cp only traces of higher hydrocarbons up to Cg
were detected. The Cp species from CO as identified by Duncan et al [47,60] on
ruthenium can be separated in Cpy and Cp that differ in their mobility. These
authors showed that in this carbon phase both C-C, M-C and C-H interactions are
present. Therefore, Cp is most likely an amorphous phase. After H/CO reaction
Winslow et al [49,50] were able to observe C-H stretch frequencies with FT-IR
spectroscopy. We have seen by FT-IR spectroscopy that after methane adsorption
at 450 °C the C-H stretch frequencies totally disappeared from carbonaceous
surface species adsorbed on a reduced ruthenium catalyst. ‘

At temperatures above 400 °C the low reactive Cy reacts to produce only
methane. The Cy surface species consist likely of a graphitic phase consisting of
adsorbed connected six member rings. This carbon phase is probably located
partially on the silica support as indicated by CO chemisorption measurements.

Because only the reactive Cq type carbon has reasonable selectivities for Co+
hydrocarbon formation upon hydrogenation, it is desirable to have high
selectivities for Cg during methane decomposition. We have studied several
parameters of CHy decomposition like adsorption temperature, adsorption time,
methane concentration and ageing time, which could influence the selectivities
in the surface carbon formation. One of the parameters that appeared to be
crucial is the carbon surface coverage, remaining after methane decomposition.

{ %

Selectivity

Ocl%]

Figure 6.  Distribution of carbon types as a function of the carbon surface
" coverage on a 5%Ru/SiO; catalyst. Different carbon coverages were
created by varying the methane adsorption time at 460 °C.
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Figure 6 shows that only at low carbon surface coverage high selectivities
for reactive Cq type carbon is obtained. The selective formation of reactive
carbidic type carbon is related with the catalyst's ability to form three-fold bonded
carbon species like Ni3C [51]. At carbon coverages above 80% methane is mainly
converted into unreactive graphitic type of surface carbon. The distinction
between Cg and Cy was not obvious for all the catalysts. However, with increa-
sing surface coverage, the deposited carbon species becomes always less reactive.

From the methane decomposition experiments, a tentative reaction
scheme can be formulated for the transformation of surface carbon to methane.

Cy (@) === Cp@ |—|Cy @

Y 4+H2 lmz
=

Figure 7. Model for transformation of surface carbon species on transition
metal catalysts.

H,

Methane is initially decomposed into carbidic Cq. This type of surface
carbon can be transformed rapidly into Cg. Cp can be partially converted back into
Cq. This model is in agreement with the one of Bell and co-workers [50,47] who
also indicated that these carbon types can be in dynamic equilibrium. Cp can be
transformed into the unreactive Cy, a process called ageing. This process is
irreversible and its rate depends on the temperature [42,42a]. It is not clear
whether Cg can also be directly transformed into Cy.

Hydrogenation reaction of surface carbon species to alkanes.

The second reaction step is the hydrogenation of surface carbon to produce
Ca* hydrocarbons. Fig. 8 shows the products formed as a function of the
hydrogenation time after the reaction gas is switched from helium to hydrogen
at 95 °C,
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Figure 8. Hydrogenation of surface carbon created from methane
decomposition at 450 °C, on a 10 wt.% cobalt catalyst, as a function of
the hydrogenation time. For butane and pentane the sum of the iso-
and n- products is shown.

By integrating the curves from fig. 8 during the first 6 minutes, the amount
of hydrocarbon formed can be calculated. This leads to the product selectivity,
which is calculated on carbon efficiency. The hydrocarbon selectivity follows a
Schulz-Flory like distribution, indicating that adsorbed surface CxHy species can
either be hydrogenated to CxH(2x+2) or grow further to an adsorbed C(x+1)H;
species. The chain growth probability o determines the amount of Cy+
hydrocarbons formed. Figure 8 shows that the concentration of every subsequent
hydrocarbon is about a factor of ten lower, indicating that o is about 0.1.

As predicted by thermodynamics, the temperature at which Cg is
hydrogenated is an important parameter, determining the selectivity for the
formation of Cp* hydrocarbons.
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Figure 9. Figure 9a and b on the previous page show product distributions as a
function of the hydrogenation temperature. Surface carbon deposited
from methane at 450 °C. 9c and d show the amounts of surface
carbon that is hydrogenated. Left: Ruthenium. Right: Cobalt.

Figure 9 shows the selectivities for C2* hydrocarbon formation upon
hydrogenation of surface carbon species generated from methane
decomposition. At room temperature most of the surface carbon is hydrogenated
to methane, 12 % is hydrogenated to ethane and only a trace of propane is
formed. Increasing the temperature results in the hydrogenation of more surface
carbon species (see fig. 9b). On small metal particles different adsorption sites
exist for carbon atoms, having slightly different metal-carbon interactions. The
stronger adsorbed carbon atoms are hydrogenated at higher temperature and
have higher probabilities for C-C bond formation versus methanation upon
hydrogenation [61,62]. Therefore the selectivities for propane and butane
increase when the temperature is raised above 25 °C.

Figures 9¢ and 9d show that more surface carbon becomes hydrogenatable at
temperatures above 130 °C. At that temperature also "unselective” Cg is
hydrogenated. This decreases the selectivity for Ca* hydrocarbons. At
temperatures above 180 °C also hydrogenolysis may transform some ethane back
into methane, which explains why short contact times are favourable for high
ethane selectivities. At temperatures above about 200°C the formation of higher
hydrocarbons is thermodynamically forbidden and the surface carbon removed
with hydrogen results in nearly only methane.

The optimum temperature for the formation of C2* hydrocarbons depends
on both the selectivity as well as on the amount of surface carbonaceous
intermediates hydrogenated. The optimum is around 95 °C for ruthenium and
cobalt catalyst. The highest Co* hydrocarbon selectivities were obtained at short
contact times and high hydrogen partial pressures: a residence time of 1.4 sec., at
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a py;, of 1 atm. Higher hydrogen flow increase the Cz* hydrocarbon selectivity on
ruthenium as also found by Belgued et al {22] on platinum. However, this is
accompanied by a lower product concentrations and a less effective use of
hydrogen.

The addition of some CO in the hydrogen reaction gas, to decrease the rate
of methane formation, decreased the formation of higher hydrocarbons even
more. However, when respectively 8 and 24 umol CO were co-adsorbed around
40 °C with surface carbon from methane, the formation of methane and ethane
remained the same during hydrogenation at 95 °C while 20-40% more C3 - Cs
hydrocarbons was formed.

Reduced transition metal catalysts were compared in their ability to form
Co* hydrocarbons from methane. The catalysts were characterized with CO
chemisorption and Transition Electron Microscopy. Methane adsorption
occurred from a pulse of 3 min of 0.5% CHy in He at 460 °C. The selectivity for
the hydrocarbons formed during hydrogenation at 95 °C was measured as well as
the amount of hydrogenated surface carbon at that temperature (see table 1).

Table1l. Product distribution of the hydrogenation reaction of reactive surface
carbon at 460 °C on reduced silica supported transition metal catalysts.

Particle size Hydrocarbon selectivity in %

Catalyst CO/M? nm?2 CHy CpHg CsHg C4Hjg umol®
10%Co 2.2 (73) 8.5 796 113 6.11 292 8.0
5%Ru 35 @0 55 805 158 2.69 100  7.10
10%Ni 13 (12) 9.2 89.3 7.3 1.89 1.40 16.8

3%Rh 55 (2) 22 95.8 412 0.09 0 34
4%Pt 104 (08) 14 897 103 0 0. 0.55
5% Re 6.4 (24) 38 91.3 84 0.23 0 0.96
4%Ir 30 (46) 3 98.4 13 0 0.29 0.95

1 Percent chemisorption CO per metal atom. In brackets the calculated particle size in nm
assuming that every surface metal atom adsorbs 1 CO in a pyramid model.

2 As measured with TEM. :

3 mmol surface carbon hydrogenated at 95 °C.

Most of the butane was n-butane but also i-butane was detected. No
branched products were detected, except for some small traces of propylene on
cobalt. On cobalt and ruthenium also pentane formation was observed. The
metal particle size as measured with TEM and CO chemisorption do not agree
for all catalysts especially not for cobalt, rhenium and nickel. This is ascribed to
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the reduction of the metal is not complete. Especially the cobalt and rhenium
catalyst are difficult to reduce. The metal-silica interface probably contains
unreduced metal ions [63]. Only cobalt catalysts with a metal loading above 1 %
were able to chemisorb CO after reduction and were able to produce higher
hydrocarbons in the two step procedure. The real metal particle size is
determined by TEM while the active reduced surface area is measured by CO
chemisorption.

The ruthenium and cobalt catalysts are more selective towards higher
hydrocarbon formation than rhodium, iridium, platinuni and nickel. At 550 °C
reduced iron, tungsten, molybdenum and copper catalysts were not suitable for
the step wise transformation of methane into ethane. These results can be
explained by considering the metal-carbon bond strength, which determines the
chance for C-C bond formation versus hydrogenation, as we recently suggested
[61,62,53]. This relation has been tested for group VIII transition metals (see table
2).

Table2. Group VIII transition-metal catalysts with their chain growth
probability o to form C-C bonds upon hydrogenation at 95 °C.

Cr Mn Fe Co Ni Cu
- - 0 0.20 0.09 0
Mo Tc Ru Rh Pd Ag
0 - 0.15 0.02 0 -
w Re Os Ir Pt Au
0 0.03 - 0.007 0.06 -
- Not measured

Going to the right in one row of the Periodic Table, the electron occupation
of the metal d-valence band increases and the metal-carbon bond strength
decreases [40,41]. This is due to an enhanced occupation of the antibonding
orbitals of the M-C orbitals [64,65,53]. At increasing electron occupation of the d-
valence band the chain propagation probability drops from 0.2 for cobalt to 0.09
for nickel and becomes zero for copper. However, for iron, with an even higher
metal-carbon bond interaction, no formation of C3* hydrocarbons occurs. No
surface carbon can be hydrogenated at low temperature is formed on iron
catalysts, as shown in the temperature programmed hydrogenation plot of figure
10.
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Figure 10. Hydrogenation of surface carbon species from methane on a 10%
FelSiO2 catalyst with different surface carbon loading of 0.55, 8.9 and

53.6 umol surface carbon. Different carbon surface coverages were
created by varying the methane adsorption time at 500 °C.

Iron binds its surface carbon joo strong and no surface carbon is
hydrogenated below 200 °C. Thermodynamically ethane formation is only
possible at low hydrogenation temperatures (see fig. 1 and 2) and therefore iron
catalysts are not suitable for this reaction sequence, although they are known as
good Fischer-Tropsch catalysts [68]. Only around 250 °C some ppm of ethane was
detected.

So, the transition metals of row three and four of the Periodic Table show a
volcano like curve in their behaviour to form Cy* hydrocarbons from surface
carbon species. Ruthenium and cobalt are found to be Optimum in their metal
carbon bond strength. In the fifth row platinum is an exception. The optimum
in the third row is expected at rhenium due to a similar M-C bond strength as
ruthenium and cobalt.

Both alkali as well as other oxygen containing promoters have been shown
to influence the metal carbon bond strength [66,67] and can therefore be expected
to play an important role in changing the selectivity. We have tested the
influence of basic (MgO) and acidic (V7Os) catalyst supports. These supports do
not improve the catalytic performance of the metal particles. The results
obtained on alumina (Ketjen, CK-300) were a little better than on silica.

Carbon-carbon bond formation is a structure sensitive reaction in a similar
way as the opposite reaction: hydrogenolysis. Therefore, larger metal particles are
expected to show a higher carbon-carbon bond formation. The selectivity for Ca*
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hydrocarbons was increased when a ruthenium catalyst was sintered, indicating
that larger particles are indeed favourable for carbon-carbon bond formation.

The overall yield of the formation of Cy* hydrocarbons from methane is
controlled by the conversion of methane during its decomposition, the
selectivity for Cq surface carbon formation and the chain growth probability
upon hydrogenation. These parameters are a function of the 'carbon’ surface
coverage, which is C atoms adsorbed relative to CO chemisorption capacity.
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Figure 11. Methane decomposition at 450 °C followed by hydrogenation at 95 °C
on a 5% Ru/SiOy catalyst. Different 'carbon’ surface coverages were
created by varying the adsorption time. a: Methane conversion upon
adsorption. b: Fraction of Cy type carbon. c: Chain growth
probability.  d: Overall yield for the formation of C2* hydrocarbons.

The rate of carbon-carbon coupling is low at very low carbon surface
coverages (fig. 11c). By raising the carbon surface coverage, the chain growth
probability increases to 0.15 at a mono-layer carbon coverage. However at surface
coverages above 20% the selectivity for the formation of Cq carbon drops (fig.
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11b). Therefore, the optimum overall yield for the formation of Cp+
hydrocarbons from methane is reached at a surface coverage of only 0.18. The
maximum yield for C3* hydrocarbon from methane is 13% which is a true yield
because the methane conversion during adsorption is 100%, under the
conditions used, until a carbon surface coverage of 25% is reached (fig 11a).

The overall yield of 13% is of the same order as that obtained with high
tempei'ature pyrolysis. Oxidative coupling can result in a yield that is nearly
twice as high.

CONCLUSION

Thermodynamic temperature limitations for methane conversion to
higher hydrocarbons can be circumvented using a two step process. We have
indicated the theoretical and practical conditions for a new way of methane
conversion to small alkanes and hydrogen without using oxidants. In such a
process carbon-carbon bond formation occurs upon hydrogenation from a
specific surface carbon intermediate, generated by thermal decomposition of
methane. The selective formation of this carbidic reaction intermediate is
favoured at low carbon surface coverages. The carbon-carbon bond formation
mechanism is similar to the process responsible for the chain growth in the
Fischer-Tropsch reaction. The metal carbon bond strength in this process is
important and is optimum for the cobalt and ruthenium catalysts used.

The interesting features of the presented methane conversion route are the
relative low operation temperatures applied without the use of expensive
oxidants. However, practical implications are not to be expected in the near
future due to the difficulties induced by the temperature swing, and the low
hydrocarbon concentrations obtained.
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Homologation of olefins with methane on
transition metal catalysts.

ABSTRACT

Methane addition to olefins is demonstrated using silica
supported ruthenium and cobalt catalysts in a reaction cycle consisting
of three reaction steps. First, methane and an olefin are adsorbed
separately at different temperatures. Subsequently, the adsorbed
carbonaceous surface species are hydrogenated to higher homologues.
Using 13CHy it is shown that propane and butane are formed both by
self homologation of ethene and propene respectively, and by methane
incorporation.

Parts of this chapter have been or will be published: J. Chem. Soc., Chem.
Comm., 1992, 345, with co-author Rutger A. van Santen; J. Am. Chem. Soc.,
accepted, with co-authers Piet A. Leclercq and Rutger A. van Santen.
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INTRODUCTION

Methane conversion into higher hydrocarbons is of world wide interest.
One route is the reaction of methane with alkenes to higher homologues. Below
500 K the alkylation of olefins with methane, to an alkane with one extra carbon
atom is thermodynamically possible in one step, for ethene and propene [1]. This
reaction has been found to occur using superacids as catalysts [2]. Syskin and
Mayer [3] converted methane éthene mixtures to propane with about 40-60%
selectivity using TaFs-HF at 40 °C and 1 MPa. Olah used super acids immobilized
* on alumina [4,5]. At 70 °C he reached a conversion of 38% with respect to ethene
‘with a feed of CH4:CoHg of 9:1 mol/mol. Olah et al [6] showed in a reaction with
13CH4 and 12C3H4 under mild conditions, that 13C12C12C propane is formed
selectively, when the methane/ethene ratio is above 100. According to Scurell [7]
however, it is not totally clear that these systems are truly catalytic and some
fluorine loss may occur during the reaction. Although the solid superacids [8,9]
used are much more environmental friendly than homogeneous acids, the use
of HF to activate these systems remains a drawback. Therefore, it is of interest to
perform this reaction on heterogeneous catalysts.

The direct conversion of methane with ethene has not yet been realized on
heterogeneous metal catalysts. Indirect conversion routes have been proposed
on nickel catalysts. Loffler et al [10] carried out a reaction with methane and
cyclo-pentene to benzene and toluene at 310 °C. They repeated the reaction with
13CH4 and were not able to detect incorporation of 13C into the reaction
products. However when the nickel oxide catalyst was reduced at a higher
temperature with 13CHj before the reaction, 13C incorporation in benzene and
toluene could be demonstrated to a modest extent. Ovales et al [11] reported the
conversion of methane with propene to iso-butane at 350 °C on a silica-
supported nickel catalyst. They reduced the nickel oxide catalyst at 600 °C for 8
hours before the reaction. When the methane was substituted by nitrogen, the
butane yield decreased, a process which is reversible. At 350 °C the
thermodynamics is not favourable for the reaction of methane and propene to
butane.

One of the main problems in the conversion of methane together with
olefins on transition metals is the low sticking coefficient of dissociative
methane adsorption compared with that of alkene adsorption. The chance that
methane is dissociatively adsorbed in the presence of ethene is very small and
methane will not become a selective reactant. Therefore, methane should not be
adsorbed together with other reactants, but in a separate step. To achieve this, we
developed a catalytic cycle in which the reactants are adsorbed separately at
different temperatures (see fig. 1). -
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Figure 1. Reaction cycle for the step wise conversion of methane and an olefin
to a higher homologue.

In the first step methane is dissociatively adsorbed on a reduced transition
metal catalyst at a temperature between 100 and 550 °C. In the second step an
olefin is co-adsorbed together with surface carbon from methane at a
temperature between 20 and 100 °C. In the third step both hydrocarbon
fragments are hydrogenated forming a higher homologue.

This reaction sequence provides an overall new reaction path for alkylation
reactions using methane. Here we discuss the results for the reaction of methane
with ethene, acetylene and propene to form propane and butane respectively. To
prove that methane is really incorporated in the reaction products, the reactions
were repeated with 13C labelled methane.

EXPERIMENTAL

Catalysts

A 5 wt.% ruthenium catalyst and a 10 wt. % cobalt catalyst were prepared by
incipient wetness impregnation of Grace 332 type silica (300 m2/g, pore
volume=1.65 ml/g, mesh size 75-125) with an aqueous solution of RuClj3
(Drijfhout, Amsterdam) and Co(NOj3)2 ' 6 HO (Merck), respectively. The
catalysts were dried at 110 °C and reduced before each experiment in situ between
400 and 550 °C. The ruthenium catalyst was treated in a synthesis gas flow
(H2/CO=2 at 1 bar) for 30 min at 250 °C to increase its chemisorption capacity.
The metal particle size as determined with Transmission Electron Microscopy
was 5.5 nm for the ruthenium and 8.5 nm for the cobalt catalyst. The active
metal surface areas as derived from CO chemisorption (CO/Ru=30% and
CO/Co=2.2%) indicate incomplete reduction of the cobalt catalyst.
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Experimental conditions

For each experiment 300 mg of the catalyst was placed in the reactor which
consisted of a quartz tube (i.d. 10 mm). Methane adsorption was performed at 450
°C from a methane pulse of 90 sec. of 0.5 % CHy in helium in a flow of 22.4
ml/min. After methane adsorption the catalyst was cooled in helium as quickly
as possible to a temperature between 25 and 150 °C to avoid 'ageing' of the
surface carbon: typically the temperature was decreased within 100 sec. to 150 °C.
Ethene, acetylene or propene were adsorbed from pulses of 1.4 pmol, between 25
and 150 °C. Subsequently, the adsorbed carbonaceous surface species were
hydrogenated in a flow of 22.4 ml/min hydrogen at ambient pressure at the
same temperature as the olefin adsorption. After this hydrogenation the tem-
perature was raised at a rate of 20 °C/min to 550 °C in the same hydrogen flow, to
remove carbonaceous residues. After cooling to 450 °C the cycle was repeated.

Analysis

During the first two minutes of hydrogenation, 15 times 0.2 ml of the
reaction gases were stored in a 16 loop multi-position valve (Chrompack type
S7T34). The stored reaction gases were injected in a GC (CP 9000, Chrompack ) and
the reaction products were separated on a widebore plot Q column (25 m * 0.53
mm i.d.). '

For the experiments with labelled methane (99% 13CH4 from Cambridge
Isotope Laboratories), the stored reaction gases were separated on the same
column which was connected (splitless) with a coupling unit (Graphpack-3D-
Saulenverbinder’ from Gerstel) to a fused silica capillary of 2 meter (i.d. 100 um).
This capillary was directly introduced in the ion chamber of a high resolution
mass spectrometer [12]. During the analyses the masses between 10 and 60 Dalton
were scanned every 1.5 second. For each component about 10-20 mass spectra
were taken to calculate the average peak ratios. From these peak ratios the
fraction of each labelled product was calculated (see appendix). From the mass
spectra the position of the 13C atom incorporated could be deduced.

RESULTS

During the methane pulse at 450 °C all the methane is adsorbed on the
ruthenium catalyst resulting in a carbon surface coverage of about 20%. On the
cobalt catalyst 60% of the methane pulse, is adsorbed. During the adsorption of
ethene, acetylene and propene between 25 and 150 °C, not all the reactants are
adsorbed. A part of the olefin was auto-hydrogenated to the paraffin. Especially
~ when no methane was pre-adsorbed alkane desorption was detected. Figure 2
compares the fractions of carbon adsorbed from a pulse of 1.4 umol ethene on a
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reduced ruthenium catalyst, with a pulse after pre-adsorption of 6.6 pmol
methane at 450 °C.

00 g e

¥ el Figure 2.

3 ] Tl Fraction of ethene adsorbed on
g 60 - the reduced ruthenium
- S catalyst before (solid line) and
g w0 / . after methane adsorption at
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3 - function of the ethene
-§ o | adsorption temperature.
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The fraction of adsorbed ethene is increased when surface carbon from
methane is present on the catalyst surface. On the ruthenium catalyst more
methane formation is observed during ethene adsorption than on cobalt. Above
100 °C methane is the only product desorbing from the ruthenium catalyst,
while it is mainly ethane at the cobalt catalyst. '

After the adsorption steps on the ruthenium catalyst 6.6 pmol carbon from
methane and 2.8 pmol carbon atoms from ethene (1 pulse) is present on the
catalyst surface. For the cobalt catalyst these figures are 4.0 and 1.7 pumol
respectively, due to the incomplete adsorption from the pulse. The amount of
adsorbed carbonaceous surface species, which can be hydrogenated at a particular
hydrogenation temperature, is shown in fig. 3 for the cobalt catalyst.

37 Figure 3.
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At a hydrogenation temperature above 100 °C most of the desorbing
hydrocarbons originate from methane. Around 50 °C the formed hydrocarbons
originate from about the same amounts of ethene and methane.

0.1
0.01

0.001

Concentration [ vol. % )

20 40 60 80 100 120
Time | sec ]

Figure 4. Products formed during the hydrogenation at 40 °C of adsorbed

methane (6.6 umol at 450 °C) and ethene (1.4 umol at 40 °C) on the
ruthenium catalyst at 40 °C as a function of the hydrogenation time.

Figure 4 depicts hydrocarbon formation from surface carbon as a function of
the exposure time to hydrogen at 40 °C, during the first two minutes. By
integrating these curves the selectivity can be calculated. It is shown in fig. 5 and
is expressed in carbon efficiency. For butane and pentane the iso- and n-product
are taken together. Mainly the linear hydrocarbons are formed.

so{ Ruthenium 801
o W Methane ]
¥ 50 f Bhane 2 607
- 8 Propane &
£ 40 3 Butane 9 40
§ ] Pentane & J
K]
@ 20 20
o - B i B e el ol 0 gl Bt B B BB
25 40 60 80 100 120 150 30 40 0 100 120 150
Temperature [ °C ] Temperature | °C ]

Figure 5. Product selectivity during the hydrogenation of adsorbed methane (at
450 °C) and ethene (1 pulse at stated temperature) as a function of the
temperature.  left: Ruthenium.  right: Cobalt.
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On cobalt, at low ethene adsorption and hydrogenation temperature, the
selectivity to butane is remarkably high due to ethene dimerization. Increasing
the hydrogenation temperature the methane selectivity increases due to
enhanced hydrogenolysis. The selectivity for the interesting reaction product
propane is not a strong function of the temperature and has its maximum of 19
% at 40 °C on the cobalt catalyst.

B Methane
B Methane + Ethylene

051

041

0.3 1

0.2

Amount [ 4 mol ]

0.1

b 7 e
Methane Ethane Propane Butane Pentane
Products

0.0~

Figure 6. Product formation upbn hydrogenation at 40 °C of adsorbed methane
(Taas=450 °C), adsorbed ethene (1 pulse at 40 °C) and their co-
adsorption, on cobalt.

Figure 6 compares the amount of products formed during hydrogenation,
after separate methane and ethene adsorption and their co-adsorption. As
previously demonstrated [13-17], surface carbon from methane alone can be
hydrogenated to Ca* hydrocarbons. However, most of the dissociatively adsorbed
methane reacts back towards methane. When ethene is co-adsorbed, the amount
of methane formed is reduced and propane formation becomes significant. This
indicates a reaction between adsorbed Cj species from methane and co-adsorbed
ethene forming propane. The ability to form propane from adsorbed methane
and ethene was tested for different metal catalysts. The order of the selectivity for
propane formation is Co, Ru > Pt, Rh, Ni > Re, Fe. Here only the results of the
cobalt and ruthenium catalyst are discussed.

As indicated in Table 1, propane formation is also possible from adsorbed
ethene via hydrogenolysis and homologation, resulting in methane and
propane. Such a disproportionation reaction has been extensively studied by
Basset and co-workers [18-20]. To distinguish this reaction from methane
incorporation into adsorbed ethene, experiments with 13C labelled methane
were performed. Therefore 6.6 pmol of 13CH4 was pulsed at 450 °C over the
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catalysbt and 5.2 pmol unlabelled ethene, acetylene or propene were co-adsorbed
at 50 °C. The product selectivities of the experiments performed under those
conditions are shown in table 1.

Table1. Product selectivity during hydrogenation at 50 °C of adsorbed olefins
with and without pre-adsorbed methane at 450 °C.

Adsorbates Methane Ethane Propane  Butane 1 Pentane 1 Ratio n Gy

Ruthenium
CH3+CoHy 34 45 10 11 04 0.066
CoHy 20 71 5 44 0 0.067
CHy4+CoHa 34 36 14 16 0 0.056
CoHy 83 54 12 25 0.9 0.044
CHy+C3Hg 24 29 36 10 1 0.082
CaHg 36 34 . 25 49 0.3 0.052
Cobalt
CHy+CoHy 10 12.5 17 53 6.5 0.030
CoHy 57 18 11 61 45 0.024
CHy4+CoHa 33 21 16 26 48 0.072
CoHp 6.9 19 12 53 8.1 0.053
CH4+C3Hsg 11 32 54 26 .61 0.164
CsHg 1.9 3.5 66 19 10 0.077

1 Sum of iso and n product.

The reaction was repeated using 13CHy4 and the products were analysed for
the presence of 13C atoms. Of interest is the fraction of 13C incorporated in the
alkylated reaction products. This was measured for the different labelled isotopes
and is shown in Table 2.
| The labelled carbon atom from methane is added to adsorbed acetylene,
ethene and propene resulting in a product with one 13C atom from methane and
12C atoms from the olefin, as indicated from the underlined figures in Table 2.
As deduced from the fragment mass spectra, the labelled 13C atom in the singly
labelled products is the primary atom in propane and butane. The reaction
products propane and butane are also formed exclusively from 12C atoms from
the adsorbed olefin due to auto-homologation. Apparently, 13Cy surface species
from methane compete with 12CHy species generated by olefin hydrogenolysis
for carbon incorporation.
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Relative frequency of different 13C isotopically labelled reaction
products. The results are weighted averages of the analyses of 6 to
13 loops. (For calculations see appendix).

[Methane Ethane Propane
Precursor 13cHy 20y 12¢.13¢ B, ¢, 120,13c ¢,
Cobalt
Acetylene 95 83 2 12 41 51 0.02
Ethene 9 89 0 12 40 58 0.7
Propene 98 61 9 - 30 98 1.1 0.3
Ruthenium
Acetylene 9 88 4 8 51 47 1
Ethene 75 95 1 4 36 62 1.7
Propene 92 89 5 6 93 53 0.8
n-Butane
Precursor 12, 12¢,-13¢ 12c,13¢,  12C13G
Cobalt
Acetylene 79 14 52 22
Ethene 82 82 8.8 0.6
Propene 26 73 0.7 0.4
Ruthenium
Acetylene 85 11 44 0
Ethene 81 10 7.8 0.6
Propene 50 47 1.9 1.3
1 \ 17
1 e, ey
0.8 0.8 4 4
% 0.6 - % 0.6
= CH, MG, 2 13CH, 13 Hy
& 0.4 - £ 04+
g g 3 1
B 02 13CH_-\CH, & g2 ; uw\/
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Figure 7. The fraction of each product consisting of one 13C atom as a function
of the hydrogenation time, for the step-wise reaction of 13C methane
b (right): Ruthenium.

with unlabelled ethene.

a (left): Cobalt.
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Figure 7 shows the 13C incorporation as a function of the hydrogenation
time. The fraction of 13C in propane is a slight function of the hydrogenation
time. The fraction of 13C in the reaction product increases a little in time as
measured for nearly all the experiments of labelled methane incorporation.

DISCUSSION
Hydrocarbon adsorptions A

Dissociative methane adsorption can result in three types of surface
carbonaceous species which differ in their hydrogenation temperature [16,17].
Under the particular methane adsorption conditions used here, about 60 % of
the surface carbon species from methane on Ru and 40 % on Co consist of
reactive carbidic Cq which is able to react below 100 °C with hydrogen to
hydrocarbons. The less reactive Cp and unreactive Cy species can be removed
during temperature programmed hydrogenation. Up to a hydrogenation
temperature of about 240 °C some Cz+ hydrocarbon formation is observed, while
at higher temperatures only methane is formed.

The differences in adsorption probability of olefins with and without the
pre-adsorption of methane (fig. 2) might suggest a direct interaction between
adsorbed surface carbon and the co-adsorbed olefin. However, concerning the
ethene adsorption mechanism this appears not to be the case. The mechanism of
adsorption of ethene on reduced transition metals has been extensively studied
on single crystals [21-23]. Chemisorbed ethene looses one or more hydrogen
atoms at temperatures above room temperature, and is adsorbed like an
ethylidyne (CCHa), vinylidyne (CCHp) or acetylide (CCH) species [24]. Due to the
low temperature the resulting surface hydrogen does not desorb but is used to
hydrogenate other ethene molecules to ethane in an auto-hydrogenation
reaction. The desorbing products consist of only methane and ethane, no trace of
ethene was detected at low ethene surface concentrations. When surface carbon
from methane is present the resulting surface hydrogen atoms from ethene are
used to form CH, CH or CHj3 surface species, instead of forming ethane from
ethene. This decreases the formation of ethane and enhances the fraction of
atoms from ethene that remains adsorbed.

Hydrogenation

The optimum temperature for hydrogenation of surface carbon depends on
the amount of surface species that can be hydrogenated and on the product
selectivity (figs. 3, 4 and 5). In general, at low hydrogenation temperature
(<60°C), the selectivity to propane and butane is high while at a hydrogenation
temperature above 80 °C, more surface carbon can be hydrogenated. The
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_optimum hydrogenation temperature is about 50 °C. This was the temperature

chosen for the experiments with labelled methane. At this temperature about
equimolar amounts of adsorbed methane and olefins are hydrogenated on both
catalyst systems. These amounts correspond to a carbon surface coverage of about
11 % for both methane and alkene (normalised on the CO chemisorption
capacity). At higher carbon surface coverages, surface carbon becomes less
reactive due to the enhanced formation of Cg [17].

Table 1 shows that upon hydrogenation of adsorbed olefins, the selectivity
for methane formation is higher on ruthenium than on cobalt. This result is in
agreement with earlier reports [25,26], where it was indicated that ruthenium is
the most active metal for hydrogenolysis. At 50 °C the clean surface of the well
reduced ruthenium catalyst has a remarkably high activity for hydrogenolysis.

The higher rate of hydrogenolysis on ruthenium does not lead to an
enhanced selectivity for homologation compared to cobalt. At the hydrogenating
conditions (50 °C and 10 kPa Hj) the thermodynamics are in favour for methane
formation instead of homologation.

Cobalt has a high selectivity of 64 % for ethene dimerization, whereas it is
only 4% on ruthenium. The selectivity for dimerization of acetylene is higher
than that of ethene on ruthenium. This supports previous suggestions on the
same catalyst, indicating that the recombination of carbon surface fragments is
most effective from hydrogen deficient adsorbates [31].

Experiments with labelled methane

Table 2 shows that labelled methane can be incorporated into co-adsorbed
olefins, resulting in the reaction products propane and butane. This
demonstrates alkylation of olefins with methane according to the reaction cycle
in fig. 2. However, 30-50 % the homologated olefins contain only 12C, and thus
originate entirely from the initial olefin. This means that C-C bond formation
from C; intermediates, generated from methane deposition or from alkene
hydrogenolysis, occurs with about the same probability. Because the surface
concentrations of the reacting methane and olefin fragments are the same, this
indicates that the C; intermediates involved are very similar.

Some additional experiments were done to study the influence of the olefin
hydrogenation temperature and the ratio of adsorbed methane/olefin. When
less ethene was pulsed and the ethene adsorption and hydrogenation
temperature were decreased to 25 °C, the fraction of singly labelled 13C propane
increased to 76 % on the ruthenium catalyst. Due to the lower temperature the
rate of hydrogenolysis decreased. This reduced the amount of 12C; surface
fragments, resulting in an enhanced fraction of propane from 13C methane and
12C ethene. The rate of hydrogenolysis is much lower on the cobalt catalyst. At 25
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°C no methane formation is observed when adsorbed ethene is hydrogenated.
However, in the reaction of 13CHy with ethene, only 66 % of the propane formed
is singly labelled and still 30 % consists of only 12C from ethene. This suggests
that either ethene reacts towards propane and methane, or that singly labelled
propane can exchange its 13C carbon atom with a 12C from ethene, resulting in
12C-13C ethene. 12C-13C ethene is not found in the reaction gas, but it can be
dimerized to singly or doubly labelled butane, which butanes are formed in a
low fraction.

The absence of singly 13C labelled propane, when propene is co-adsorbed
with labelled methane, and the absence of singly labelled ethane when ethene is
co-adsorbed, indicate that the metathesis reaction (see fig. 8), or other routes of
carbon scrambling, are slow on both ruthenium and cobalt compared to

hydrogenolysis, carbon-carbon bond formation and hydrogenation.
12

12 ?
12

C 12
12C£C/ 12(/ f’ \\% . 13CT=’4’G/

Figure 8. Metathesis mechamsm according to which 12C propene could
exchange a carbon atom with an adsorbed 13C atom from methane.
The hydrogen atoms are not drawn. M symbolizes an ‘active site
consisting of one or more metal atoms.

The metathesis reaction between 13C surface carbon and an olefin as
proposed in fig. 8 does not occur and is therefore very slow compared to
hydrogenolysis and carbon-carbon bond formation at 50 °C and 100 kPa Hj:
Hence, non-labelled butane is not formed from two propene molecules via
metathesis, resulting in ethene and butene, but via hydrogenolysis and
homologation. This result is in agreement with measurements of Tanaka at al
{27-30] on MoOx catalysts. They demonstrated that surface carbon species
involved in metathesis are different from the intermediates active in the
Fischer-Tropsch reaction.

It is possible to calculate the selectivity for hydrogenolysis and
homologation of the adsorbed olefins in the presence of 13C from methane from
tables 1 and 2, by not taking into account the molecules containing 13C atoms.
The selectivity pattern appeared to be about the same as that of the solely
adsorbed olefins. This indicates that the selectivities for hydrogenolysis,
homologation and dimerization are not influenced by surface carbon species
from methane. In particular for hydrogenolysis this was unexpected, because
surface carbon species should decrease the amount of free metal ensembles,
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necessary for hydrogenolysis. Apparently the carbon surface coverages applied
are too low to change the mentioned rates significantly.

Iso- | n-butane ratic

During the hydrogenation of carbonaceous intermediates from methane
and olefins at 50°C, the selectivity for butane formation varies from 5-60 %. Most
of the butane is n-butane but also some i-butane is formed. In relation to iso-
butane formation, differences in the mechanistic formation routes are of
interest. A comparison of the fraction of 13C in n-butane and i-butane in the
hydro-genation reaction of adsorbed 13C with ethene or propene is given in
Table 3.

Table3.  Percentage of singly 13C labelled i- and n-butane.

Cobalt Ruthenium

Precursors i-Cy n-Cy i-Cy4 n-Cy4
13CHy + CoHy 50-70 14 60-80 15
13CH, + C3Hg 40-80 73 30-50 45

Due to the low selectivity, the fraction of 13C in iso-butane could not be
determined with great accuracy. The incorporation of 13C in iso-butane formed
from ethene is more dominant than in n-butane, because the later is mainly
formed by dimerization of ethene. Iso- and n-butane are not in a dynamic
equilibrium and their routes of formation are probably different. For the
incorporation of 13C in propene to form i- and n-butane no significant
differences were found. This indicates that surface carbon generated from
propene dissociation reacts similarly as surface carbon from methane.

When more carbidic surface carbon is present on the surface together with
adsorbed propene species, the ratio of i/n -butane increases from 0.08 to 0.16 on
cobalt (see table 1). This indicates that in the formation of iso-butane a carbidic
carbon atom is involved. The ratio of i/n butane from only surface carbon from
methane is higher (0.30) than that with co-adsorbed propene. Adsorbed propene
reacts mainly towards n-butane.

The ratio of i/n -butane is even lower on the ruthenium than on the cobalt
catalyst. These low ratios are typical distributions of the Fischer-Tropsch (F.T.)
synthesis in which ruthenium mainly produces the linear alkanes [32,33]. This
indicates that the mechanism of carbon-carbon bond formation between ethene
and carbidic surface carbon from methane, are very similar to that occurring in
F.T. synthesis. In the F.T. reaction added ethene in the feed has been shown to
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incorporate into hydrocarbons [34-36]. The formation of adsorbed ethene has
been suggested to be one of the slow steps, for chain propagation and therefore
added ethene can serve as chain growth initiator [37,38]. Our results are in
agreement with these observations: more surface carbon from methane
undergoes carbon-carbon bond formation when ethene is co-adsorbed.

Yields

The overall yield for the reaction of methane and ethene to propane
according to the proposed reaction cycle depends on: fraction of methane
adsorbed, fraction of ethene adsorbed, amount of surface carbon hydrogenated at
the hydrogenation' temperature, selectivity to propane and the fraction of
propane consisting of only one 13C atom from methane. Taking all these factors
into account, the yield for the reaction of 13CH4 with adsorbed ethene is 2.8% on
the basis of pulsed methane and 4.5 % on the basis of pulsed ethene on the
ruthenium catalyst. The ethene yield can be increased by increasing the
methane/ethene ratio. The yield on methane basis is about 3 times higher than
that in superacid catalysed alkylation [6], while it is about 6 times lower on
ethene basis.

CONCLUSIONS

The incorporation of methane into alkenes in the presence of hydrogen on
transition metal catalysts, can be performed using a reaction cycle in which
methane is separately adsorbed. In this way methane can be used as an alkylating
agent. This is demonstrated for the incorporation of methane into ethene,
acetylene and propene. The reaction products propane and butane can be formed
via also auto-homologation. The comparable reaction rates of self-homologation
and methane incorporation indicate that the Cj intermediates involved are
similar; they are both related to the CHy fragments active in the Fischer-Tropsch
reaction.

The exchange of carbon atoms according to a metathesis reaction does not
occur on the ruthenium or cobalt catalyst. The cobalt catalyst has a remarkably
high selectivity for dimerization of adsorbed ethene. '
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APPENDIX

Calculation of isotopic distributions from mass spectra.

An alkane with n carbon atoms either 12C or labelled 13C, can have n+1
differently labelled isotopes: unlabelled, singly 13C labelled up to n times labelled
alkane (not taking into account the different positions of the 13C atom). It is
possible to calculate the fraction of each differently labelled isotope from a mass
spectrum. This is not trivial because the mass spectrum of the unlabelled alkane
disturbs an easy calculation [39]. Here we present an algorithm that deduces these
fractions from the measured mass spectra. Propane is taken as an example, while
problems are identical for C,, with n>3. Propane can have four types of different
labelled isotopes: 12C3, 12C,-13C, 12C-13C; and 13C3. Their relative frequency are
indicated with fi to f4. To calculate f; to f4 one has to know the reference mass
spectrum of unlabelled propane and that of the labelled mixture. It is assumed
that the "isotope effect” [39] does not influence the fragmentation process. A part
of the reference spectrum mj to my, have relative intensities I to Iy as shown in
figure Al.

b, Figure Al

H ‘:2 Reference mass spectrum with intensities Ij at
P i mass mj. The intensities of the peaks pl to p4
i bl from the labelled mixture at mass ml to m4 are

shown by the dashed lines.

From the measured peaks p1 to pg of the
labelled mixture, one can calculate the fractions
f1 to f4. Each of the measured intensities p is the
sum of the fraction multiplied by the intensity of
the unlabelled component. This follows from
figure Al and is shown in equation (1).
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The fractions f1 to fy are calculated from the inverse matrix ™Mb
containing the intensities I to Iy from equation (2).

f=mt.p | ®
Finally the fractions f; (i=1..4) are normalized according to (4).
fi=— @
2 fi
&

In principle from any n peaks from the mass spectrum of CyHgp,g this
calculation can be. performed, however experimental errors are relative low
when differences between intensities in the reference spectrum are large.
Therefore we used the masses m/z 44-47 for propane, m/z 30-32 for ethane and
m/z 31-29 for the Cy fragment of propane. By comparing the analyses of the C2
and the C3 fragments of propane it could be concluded that in the singly labelled
product mainly the primary atom is labelled.
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General Conclusions

This study has been concentrated on two reactions both related with carbon-
carbon bond formation on transition metal catalysts. The first concerns the
influences of a vanadium promoter on the kinetics of elementary reaction steps
upon synthesis gas conversion on a rhodium catalyst. The second is related to
the general problem of initiating a carbon-carbon bond between two methane
molecules. Both reactions occur via reactive C; surface intermediates. These
surface species were created from CO and CHy respectively. Mainly transient
kinetic techniques were used which were combined with some quantum
chemical calculations.

The understanding of bimetallic catalysts in which a noble metal is
promoted with a less noble metal oxide is of great interest. Such a system has
been considered here for CO hydrogenation. The influence of a vanadium
promoter on the formation and intrinsic reactivity of CHy species adsorbed on
rhodium catalysts, for hydrogenation, chaingrowth and CO insertion, has been
investigated. On rhodium catalysts a very reactive Cj intermediate was found to
be formed from dissociative CO adsorption. The formation of this surface species
was found to be enhanced by vanadium promotion, which lowers the activation
energy for CO dissociation. This effect is proposed to be a structure like effect in
which vanadium generates free sites for CO dissociation by the creation of
oxygen vacancies, necessary for CO dissociation. Free rhodium metal atoms are
important for CO dissociation; the optimum CO coverage for CO dissociation on
the rhodium catalyst lies between 0.2 and 0.3.
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Due to the vanadium promoter the surface Cy species are less reactive for
hydrogenation to methane and have an increased probability for chaingrowth.
This effect has been explained using semi-emperical quantum-chemical
calculations. It is suggested that stronger adsorbed carbon atoms are less reactive
for methanation, while the activation energy for carbon-carbon bond formation
is much less affected. This results in the conclusion that stronger adsorbed
surface carbon is favourable for chaingrowth. This has also implications to the
recombinating surface CHy species. Highly dehydrogenated surface carbon
fragments are stronger adsorbed and have a higher affinity for carbon-carbon
bond formation. The optimum average value found for x of the recombinating
CHy fragments is about one. This low value is due to an enhanced steric
repulsion of hydrogen atoms in the recombination of CHy fragments in which
x=2 or 3.

The reaction coefficient for CO insertion into adsorbed CHy fragments, is
not enhanced by vanadium. This step is not rate determining and seems to be in
a kind of equilibrium with the adsorbed CH3CO surface species. The vanadium
promoter stabilizes such oxygenated intermediates. The hydrogenation rate of
these surface species is slow, and is enhanced by vanadium. The order in
hydrogen during this hydrogenation is drastically decreased, which may indicate
stronger adsorbed hydrogen induced by vanadium.

The second reaction studied, was the conversion of methane via surface
carbon to higher hydrocarbons. Dissociative methane adsorption can result
similar as CO dissociation in three different types of carbonaceous surface
species. They can be distinguished in their hydrogenation temperature. The
most reactive carbidic type of surface carbon, reactive below 100 °C, and could be
formed on supported Co, Ni, Ru, Rh, Pt, Ir and Re catalysts. This surface carbon
is most suitable for carbon-carbon bond formation. A less reactive surface carbon
is formed on most catalysts, reacting between 200 and 300 °C to mainly methane.
Only small amounts of higher hydrocarbons up to hexane are formed from this
amorphous like carbon. At temperatures above 400 °C an unreactive graphitic
type of surface carbon is formed that produces only methane upon
hydrogenation above 400 °C. These surface carbon types can be distinguished also
in their reactivity with oxygen to CO».

Of importance is the discovery of the reactive Cy intermediate by
dissociative methane adsorption, that is able to produce Ca* hydrocarbons upon
hydrogenation. This has led to a new route of methane conversion to
hydrocarbons. The theoretical and practical conditions for such a route are
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described in chapter 6. Thermodynamic analysis show that methane
decomposition has to occur at a temperature of 280 °C higher than the
hydrogenation temperature of surface carbon to Cz* hydrocarbons. Practical data
show that methane decomposition can be carried out at 450 °C while the
optimum hydrogenation temperature of surface carbon is about 100-°C on Ru
and Co. Different metal catalysts have been tested, showing that in the same row
of the periodic table, the less noble zero valent transition metals, which bind the
carbidic surface carbon more strongly, show a larger carbon chain growth
probability. However if the metal-carbon bond interaction becomes too large (Fe,
W), stable carbides can be formed that can not be hydrogenated at the required
low temperature. The optimum metals found for the step wise conversion are
the well know Fischer-Tropsch metal catalysts Co and Ru. The mechanism of
carbon-carbon bond formation between the surface CHy species is very similar to
that occurring in the Fischer-Tropsch reaction, as indicated by the product
distribution. A

The selective formation of the favourable reactive C; intermediate
generated by methane decomposition, is high at low carbon surface coverages. At
high surface carbon surface coverages (near mono-layer), mainly unreactive
graphitic carbon is formed. The overall yield for the formation of Cp+
hydrocarbons from methane depends on the methane conversion during
adsorption, the selectivity for carbidic type carbon and on the selectivity for Co*
hydrocarbons upon hydrogenation. The maximum yield obtained on a
ruthenium catalyst was 13 %. This yield is about the same as that obtained with
selective oxidation or with pyrolysis. Yields obtained with oxidative coupling
can be nearly twice as high.

The main problems for practical implications of the two step conversion
route are due to the large difference in operation temperature between the two
steps, imposed by the thermodynamics. Further the hydrogen conversion and
the selectivity for Cy* hydrocarbon formation are low, while the separation of
the reaction gases, Hy, CH4 and Ca* hydrocarbons, is difficult. Therefore this
route needs still a lot of exploration. The advantage of the proposed conversion
route is the relative low operation temperatures applied: 450 °C compared with
800 °C for commercial synthesis gas production. Further the process does not
require expensive oxidative reagentia.

The reactive carbon atoms from methane also can be used to form carbon-
carbon bonds with co-adsorbed olefins, as was shown in chapter 7. The problem
of performing a direct reaction between methane and e.g. ethene to propane, on
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transition metal catalysts, is related to the large differences in sticking probability
for dissociative adsorption. Methane will not be adsorbed together with ethene
on a metal surface. Therefore methane is adsorbed in a separate step at a higher
temperature. Subsequently ethene is coadsorbed at a lower temperature (50 °C)
were propane can be formed upon hydrogenation of the adsorbed carbonaceous
intermediates. 13C labelled methane was used to demonstrate that methane can
be incorporated into coadsorbed olefins, and can hence be used for alkylation
reactions on supported metal catalysts. Compared to the ethylation of methane
using superacids, the presented heterogeneous route is more environmental
friendly and has a higher yield on methane basis. The disadvantage is related
with the low olefin yield due to olefin hydrogenation and hydrogenolysis.

It has not been realized to use the surface CHy fragments from methane in a
step wise route for CO insertion, resulting in ethanal or ethanol. The formation
of ethanol is slow and therefore not suitable for the proposed transient
conversion route.

In heterogeneous catalysis one commonly uses the great advantage of
operating under steady state conditions. However by introducing transient steps
like a temperature change or pressure change, it is shown that new routes for
methane conversion can be found. The principle new aspect of the proposed
conversion route is the idea to use the catalyst also as intermediate reactant at
the same time. In methane oligomerization the positive change of AG® could be
circumvented in the presented two step route. In the methane addition to
olefins, methane and olefin coadsorption was realized on transition metals,
which is necessary for the creation of a carbon-carbon bond.
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Samenvatting

Dit proefschrift beschrijft de reaktiviteit van oppervlaktekool-inter-
mediairen op gedragen groep VIII metaalkatalysatoren. Katalytische reakties met
koolwaterstoffen verlopen veelal via geadsorbeerde reaktie-intermediairen. Het
bestuderen van de aard en reaktiviteit van dergelijke oppervlakte-inter-
mediairen is van wezenlijk belang voor de heterogene katalyse. Een veel
voorkomende belangrijke elementaire reaktiestap in de petrochemische
industrie, is de vorming van een binding tussen twee koolstofatomen. Het
vormen van een dergelijke binding, betekent meestal de vorming van meer
waardevolle produkten. Er zijn veel voorbeelden van industriéle processen
waarbij een koolstof-koolstof-binding tot stand komt. Deze kunnen verlopen
volgens allerlei soorten reaktie-intermediairen. De in dit proefschrift gepresen-
teerde studie beperkt zich tot de vorming van koolstof-koolstof-bindingen op
gedragen groep VIII metaalkatalysatoren. Met name Fischer-Tropsch-achtige
reakties die via geadsorbeerde CHy intermediairen kunnen verlopen, zijn
bestudeerd. Twee reakties staan daarbij centraal. De eerste is de omzetting van
synthesegas naar koolwaterstoffen, ethanal en ethanol over rhodium-
katalysatoren. De tweede reaktie beschrijft een methode voor de omzetting van
methaan naar hogere koolwaterstoffen.

Synthesegas reakties

Als reaktie op de oliecrisis in de zeventiger jaren, werd een algemene route
ontworpen om koolstofhoudende verbindingen om te zetten via synthesegas
(een mengsel van CO en waterstof) in benzine. Synthesegas kan worden
omgezet naar methanol, naar koolwaterstoffen en naar produkten als ethanal en
ethanol. Deze laatste reaktie, wordt gekatalyseerd door rhodium waarbij
oxydische overgangsmetalen worden toegevoegd om de aktiviteit en
selektiviteit te verhogen. Dergelijke additieven worden promotoren genocemd.
De precieze werking van promotoren is een essentieel punt in de heterogene
katalyse. In deze studie is de invloed van een oxydische metaalpromotor op een
rhodiumkatalysator bestudeerd, waarbij met name is gekeken naar de invioed
op de reaktiviteit van oppervlakte-intermediairen. Er is uitgegaan van het
bekende mechanisme dat tijdens synthesegasreakties plaats kan vinden (zie
figuur 1). Hierbij neemt het CHy intermediair een centrale plaats in.
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Figuur 1. Elementaire reaktie stappen die een geadsorbeerd CHjy intermediair
kan ondergaan tijdens synthese gas reakties.

Het mechanisme in figuur 1 toont dat de reaktiviteit van het geadsorbeerde
CHy intermediair mede bepalend is voor de uiteindelijke produktverdeling.
Gekozen is voor rhodium als katalysator, omdat dit metaal zowel de
hydrogenering tot methaan, de koolstofketengroei als CO-insertie katalyseert. De
invloed van de modelpromotor, vanadium, is onderzocht op de reaktiviteit van
oppervlakte-intermediairen voor deze elementaire reaktiestappen alsmede voor
CO dissociatie. : :

De vorming van geadsorbeerd C vanuit CO bleek versneld te worden door
rhodium katalysatoren te promoteren met vanadium. De aktiveringsenergy
voor CO dissociatie wordt hierdoor aanzienlijk verlaagd, zoals bleek uit
transiénte modelexperimenten. Voor het promotiemechanisme wordt ver-
ondersteld dat vanadium vrije plaatsen, mogelijk zuurstofvakatures, op het
oppervlak creéert. Deze zijn nodig om CO te laten dissociéren. De hydrogenering
van het karbidische oppervlakte-intermediair naar methaan, wordt vertraagd
door de aanwezigheid van vanadium, terwijl de ketengroeikans toeneemt.
Vanadium wordt verondersteld de bindingssterkte van oppervlakiekool te
kunnen vergroten. Dit vergroot de verblijftijd van CHy intermediairen op het
oppervlak en vergroot de kans voor de vorming van een koolstof-koolstof
binding. De CO insertie in geadsorbeerde CHy fragmenten is bestudeerd met
transiénte experimenten met isotopisch gemerkt 13CO. Hieruit bleek dat de
reaktiecoéfficiént voor deze stap niet vergroot wordt door vanadium. Verder
bleek vanadium in staat, zuurstofhoudende oppervlakte-intermediairen te
stabiliseren. Hierbij wordt de hydrogeneringssnelheid van deze intermediairen
naar ethanol, vergroot.
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Methaankonversie

Het tweede bestudeerde onderwerp is gerelateerd aan het algemene
probleem een koolstof-koolstof binding te initiéren tussen twee methaan-
moleculen. Er bestaat veel interesse om methaan om te zetten in beter
transporteerbare en meer waardevolle koolwaterstoffen. Methaan is echter
uiterst onreaktief door z'n edelgas-achtige konfiguratie met sterke, apolaire C-H
bindingen. Direkte routes voor methaankonversie zoals oxydatieve-koppeling,
selektieve-oxydatie en pyrolyse worden nog niet commercieel uitgevoerd. In
huidige processen wordt methaan in meerdere stappen omgezet met water of
zuurstof, in synthese gas, dat vervolgens kan worden omgezet in b.v. benzine.
De omzetting naar synthesegas is duur en vindt plaats bij hoge temperatuur. Er
is daarom interesse in alternatieve methoden om methaan om te zetten in
koolwaterstoffen met twee of meer koolstofatomen.

De opzet voor de manier van methaanomzetting, vloeit voort uit de
ontdekking dat uit CO een zeer reaktief karbidisch oppervlaktedeeltje gevormd
kan worden dat koolstof-koolstofkoppeling kan ondergaan. Een dergelijk
reaktie-intermediair blijkt eveneens uit methaan gevormd te kunnen worden.
Er zijn twee routes opgesteld om via dit intermediair methaan te konverteren

naar Cy+ koolwaterstoffen, hetgeen is weergegeven in de onderstaande figuren.
CH
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Figuur 2, Reaktie paden voor het omzetten van methaan in hogere
koolwaterstoffen. Links: methaan dimerizatie of oligomerizatie.
Rechts: methaan inbouw in etheen.

In de eerste stap wordt methaan ontleedt bij 450 °C op een gereduceerde
groep VIII metaalkatalysator in oppervlaktekool en waterstof. Dit resulteert in
drie verschillende soorten oppervlaktekool, die te onderscheiden zijn in hun
hydrogeneringsreaktiviteit. De meest reaktieve is een karbidische oppervlakte-
kool die al bij 50 °C reageert. Een minder reaktieve kool, reageert tussen de 200
en 300 °C met waterstof tot methaan waarbij spoortjes hogere alkanen tot hexaan
gevormd worden. Dit is een amorf-achtige kool waarbij waarschijnlijk koolstof-
koolstof-interakties aanwezig zijn. Bij temperaturen boven de 400 °C reageert
een onreaktief grafitische kool tot methaan. De meest reaktieve, karbidisch
oppervlaktekool heeft de beste eigenschappen voor het vormen van een
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koolstof-koolstofbinding in een reaktie met waterstof. De optimale hydrogene-
ringstemperatuur voor de vorming van Ca* koolwaterstoffen is 100 °C voor Ru
en Co. De maximale opbrengst voor Cz* koolwaterstoffen, behaald met een
rutheniumkatalysator, is 13% en is van dezelfde grootte-orde als die verkregen
met selectieve-oxydatie en pyrolyse.

Hetzelfde type oppervlaktekool kan ook een binding aangaan met een
gecoadsorbeerd olefine, zoals is weergegeven in figuur 2b. Dan wordt na
methaanadsorptie bij 450 °C een olefine geadsorbeerd bij lage temperatuur (50
°C) om hydrogenolyse van het olefine tegen te gaan. Bij deze temperatuur kan,
in de aanwezigheid van waterstof, het olefine met een oppervlakte C1 fragment
van methaan reageren, waarbij een alkaan ontstaat met een extra koolstofatoom.
De reaktiecycli kunnen probleemloos herhaald worden, indien opgewarmd

- wordt in waterstof om minder reaktieve koolresten te verwijderen.

De methaankoppelingsreaktie zoals uitgevoerd in stappen, geeft inzicht in
het mechanisme van de vorming van een koolstof-koolstofbinding zoals die
plaats kan vinden bij de Fischer-Tropschreaktie. Dit mechanisme is eveneens
bestudeerd met semi-empirische, quantum-chemische berekeningen. De
resultaten komen overeen met praktische metingen. De twee belangrijkste
konklusies zijn dat sterker gebonden  oppervlaktekool gunstig is voor de
koolstofketen-groeikans en dat oppervlakte CHy fragmenten met weinig
waterstofatomen beter koppelen door een lagere repulsie tussen deze atomen.

In de heterogene katalyse streeft men meestal naar processen die continu
verlopen. Door de introduktie van transiénte stappen, zoals een verandering in
temperatuur en waterstofdruk, zijn alternatieve methaanconversieroutes
gevonden. Hierbij is de katalysator gelijktijdig een intermediair reaktant. Bij
methaanoligomerizatie kan daarmee de positieve AG® voor direkte methaan-
konversie, omzeild worden, indien het temperatuurverschil tussen de twee
stappen 285 °C is. Bij methaaninbouw in een olefine wordt door de aparte
methaanadsorptie, de gezamenlijke adsorptie van methaan en een olefine
gerealiseerd. Dit is een voorwaarde voor het vormen van een koolstof-
koolstofbinding. Op deze wijze is een alternatieve omzetting gevonden voor de
bestaande route die gebruik maakt van corrosieve superzuren. De omzetting via
heterogene katalysatoren is milieuvriendelijker.

Het aantrekkelijke van de nieuwe routes om methaan om te zetten in
hogere koolwaterstoffen, is dat deze plaats vinden bij lagere temperaturen dan
die van huidige commerciéle routes, zonder gebruik te maken van oxydatieve
reagentia. Praktische uitvoering van deze route is voorlopig niet aantrekkelijk
door het grote temperatuurverschil tussen de twee reaktiestappen en de lage
produktconcentraties. '
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Door het introduceren van transiente stappen bij reakties over
heterogene katalysatoren, kunnen nieuwe (methaan) conversie routes
gecreéerd worden.

Hoofdstuk 6 en 7 van het bijbehorende proefschrift.

De directe omzetting van methaan naar ethaan, zoals voorgesteld door
Belgued en anderen, is een ineffectieve manier om zeer zuivere
methaan te voorzien van spoortjes ethaan en waterstof.

Belgued M., Amariglio H., Pareja P., Amariglio A. & Saint-Juste 1., Nature, 352,
789 (1991).

De proeven zoals uitgevoerd door Takeuchi en Katzer, zijn niet
geschikt om reaktieve kool aan te tonen op gedragen rhodium kata-
lysatoren.

Takeuchi A. & Katzer R., J. Catal., 82, 351 (1983).

De selectieve oxidatie van methaan met ozon naar formaldehyde bij
180 °C over bariumperoxide gepromoteerd met zilver, zoals beschre-
ven in [1], is niet reproduceerbaar.

[1] Holm M.M. & Reichl E.H., Fiat report nr. 1085, Office of military government
for germany (U.8.), March 31 (1947).
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Stellingen

De veronderstelling van Michalski en andere, dat bacterio-chlorophil
als zodanig niet in groene bacterién voorkomt, is op niets gebaseerd.

Michalski T.J., Hunt J.E., Bouwmann M.K., Smith U., Bardeen K., Gest H.,
Norris J.R., & Katz 1.J., Proc. Natl. Acad. Sci. USA, 84, 2570-2574 (1987).

Bij het modeleren van de Si4+/Si en AI3+/Al intensiteitsverhouding
bij hoekafhankelijke XPS, gaat Gries ten onrechte voorbij aan in-
vloeden veroorzaakt door oppervlakte ruwheid.

Gries W.H., J. Vac. Sci. Technol., A7, 1655 (1989).

Het meten van waterstofchemisorptie aan edelmetaalkatalysatoren op
alumina en silica, na evacuatie bij hoge temperatuur, kan leiden tot
afwijkende H/M waarden door oxidatie van het metaal door water of
OH groepen.

Kip B.J., Duivenvoorden F.B.M., Koningsberger D.C. & Prins R., J. Am.
Chem. Soc., 108, 5633 (1986).

De verplichting van SON om het bijwonen van een tweedaags-
binnenlands congres gepaard te laten gaan met het schrijven van een
verslag, gaat voorbij aan de doelstelling oio's en aio's op gelijke wijze
te behandelen.

Het valt te betreuren dat geloofsconservatismen, belangrijke
bewustwordingsprocessen, decennia lang kunnen vertragen.

Politieke partijen zouden het landsbelang nadrukkelijker moeten
stellen boven dat van hun individuele partijbelangen.





